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Abstract 
 
Natural organic matter (NOM) is ubiquitous in surface water and the reactions between NOM and 
free chlorine can generate undesired disinfection by-products (DBPs). Therefore, an adequate 
degree of NOM removal is important for drinking water treatment plants (WTPs). Recently, the 
long-established approach of biofiltration applied as pre-treatment, including riverbank filtration 
(RBF) and slow sand filtration (SSL), has attracted attention for its relatively low cost and reliable 
performance in improving the quality of surface waters. Thus, the overall aim of this thesis is to 
gain in-depth understanding of NOM and DBP precursors removal during the biofiltration process 
and to develop approaches to improve the performance of the biofiltration.  
Firstly, a novel enhanced zero valent iron (ZVI) process that employs granular activated carbon as 
interspersed cathodes was evaluated as a pre-treatment step in drinking water production to remove 
NOM. Lab-scale batch tests indicated that, in the GAC enhanced-ZVI process, dissolved organic 
carbon (DOC) and ultraviolet absorbance at 254 nm (UV254) were reduced by 61±3% and 70±2%, 
respectively, during 24 h treatment corresponding to 1.8 minutes empty bed contact time (EBCT). 
This process was superior to ZVI alone, GAC alone, and the sum of ZVI alone and GAC alone, 
confirming the synergic mechanism leading to increased iron dissolution rate. The dominant 
mechanism in terms of NOM removal during enhanced-ZVI was found to be coagulation following 
iron dissolution, while oxidation was occurring to a lesser degree, converting some non-
biodegradable into biodegradable DOC (BDOC). Therefore, the enhanced-ZVI process has the 
potential to improve biodegradation in a subsequent biofiltration step. 
Then, the long-term performance of the enhanced-ZVI process and its synergy with the subsequent 
biofiltration were investigated. Lab-scale flow-through experiments showed that, after 10,000-bed 
volumes, the enhanced-ZVI bed became passivated. However, sulphuric acid was able to regenerate 
the passivated enhanced-ZVI bed, recover the capacity of enhanced-ZVI in removing NOM, and 
hence make the best use of the available ZVI. The acidic rinsing solution containing dissolved iron 
was suitable as a supplemental source of iron for coagulation. In addition, during the long-term 
experiments, the biofilters (6 mins EBCT) following enhanced-ZVI (1.8 mins EBCT) removed 
more NOM than biofilters without any pre-treatment. This could be explained by the formation of 
BDOC during the enhanced-ZVI process and the precipitation of iron in the biofilters. Based on 
these findings, a novel water treatment train, incorporating enhanced-ZVI with periodical 
regeneration, biofiltration, and coagulation/filtration, was proposed and evaluated. 
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Lab-scale biofiltration experiments (with 6 days hydraulic retention time (HRT)) were conducted 
with raw water from a water treatment plant, and the results showed that biodegradation is the main 
NOM removal mechanism for biofiltration. With the consumption of dissolved oxygen (DO), the 
dominant electron acceptor, the redox condition of the biofilters changed from oxic to anoxic. To 
evaluate the impact of re-aeration on the removal performance of biofiltration for NOM and DBP 
precursors, lab-scale experiments were conducted. It was found that DO had a substantial impact on 
the removal of organics and alternating redox condition between oxic and anoxic was beneficial to 
the overall performance of the biofiltration. For carbon-containing DBPs (C-DBPs) precursors 
removal, re-aeration after a sequence of oxic and anoxic conditions continued to improve the 
already good performance. Prolonged anoxic conditions were, however, beneficial for the removal 
of precursors of nitrogen-containing DBPs (N-DBPs). Overall, within 6 days HRT, 60-70% DOC, 
70-80% UV254, and more than 50% DBP precursors were removed. 
Afterwards, the resistance of biofiltration to shock loadings was investigated. This is a typical 
situation in small bank filtration systems, where the flow rate is governed by environmental water 
tables but not by the water abstraction rate of the WTP, as is the case for larger systems. 
Biofiltration had a good resistance to moderate and short-term hydraulic overloading. Increasing 
filtration rate by a factor 3 or 6 (3 m/d or 6 m/d) for 3-bed volumes, no deterioration of removal 
performance for DOC, UV254, DBP precursors was observed. A further increase to 36 m/d hydraulic 
shock loading for 3-bed volumes resulted in a breakthrough of DO in the biofilter, hence limiting 
anoxic degradation processes and, as a result, less NOM and DBP precursors were removed. When 
an organic shock loading (doubling DOC concentration in feed water and using the same hydraulic 
loading rate as used under normal conditions) was applied for 3-bed volumes, increased removal of 
NOM and DBP precursors was observed. In addition, the increased NOM and DBP precursors 
removal rate observed under higher organics mass loading conditions (hydraulic or organic shock 
loading) may imply that faster flow rate is preferable for biofiltration. 
Finally, to determine both the technical and economic feasibility of biofiltration for WTPs, pilot-
scale experiments were conducted in a local WTP. The results showed that, compared with direct 
coagulation, the biofiltration could save 30-50% coagulant dose for the subsequent coagulation, 
while more NOM and DBP precursors could be removed after biofiltration/coagulation when the 
same coagulation dose was applied. This may be related to the improved removal of aromatic 
proteins and soluble microbial by-products as evidenced by fluorescence spectroscopy. Based on 
cost-benefit analysis results, for the WTP we studied, 15% more reduction of trihalomethane 
precursors could be achieved by adding a biofiltration step before coagulation, while the additional 
investment was less than 30% of the current coagulant expenditure. 
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1. Introduction 
 
1.1 Background 
At the beginning of the 20
th
 century, chlorine was widely introduced as a disinfectant in drinking 
water production to prevent waterborne diseases such as cholera, dysentery, and typhoid. 
Nevertheless, chlorine reacts with aquatic natural organic matter (NOM) to form the so-called 
disinfection by-products (DBPs) (Krasner et al., 2006). Some of the DBPs have been linked to 
bladder cancer (Costet et al., 2011) and reproductive defects (Nieuwenhuijsen et al., 2000). Due to 
these health concerns, most countries specify the maximum allowable concentrations of DBPs in 
drinking water (ADWG, 2011; EPA, 2012). 
Although some alternative disinfectants, such as chloramine, chlorine dioxide, ozone, and 
ultraviolet radiation, have been used to reduce the formation of halogenated DBPs in treated water, 
their extensive application is limited and chlorine is still the predominant disinfectant used 
worldwide. The main reason is that almost none of these disinfectants fulfils each of the three most 
important requirements of a disinfectant: effectiveness, relatively low cost, and the ability to 
provide a residual in the distribution system to prevent regrowth of microorganisms (Tibbetts, 
1995). The only exception of that is chloramine, which has though been linked to the formation of 
toxic nitrogen-containing DBPs (N-DBPs) (Sedlak and Von Gunten, 2011). 
Reduction of NOM, therefore, remains an important approach to minimize DBP formation. 
Conventional coagulation-filtration-based water treatment is widely applied to remove NOM in 
drinking water production. Modern treatment plants sometimes apply additional methods such as 
activated carbon adsorption (Velten et al., 2011)  or membrane filtration (Cho et al., 1999; 
Zularisam et al., 2006). Recently, the long-established approach of biofiltration applied as pre-
treatment, including riverbank filtration (RBF) and slow sand filtration (SSF), has attracted 
attention for its relatively low cost and reliable performance in improving the quality of surface 
waters (Collins et al., 1992; Tufenkji et al., 2002).  Therefore, it has the potential to be applied as a 
pre-treatment step to supplement the conventional water treatment process. However, for an 
existing water treatment plant (WTP), how this pre-treatment impacts the subsequent coagulation 
and the economic feasibility still need investigation. In addition, the understanding of how the 
biofiltration, especially RBF, performed for NOM and DBP precursors removal under extreme 
conditions, e.g. high hydraulic loadings after rainfall, could contribute the comprehensive 
evaluation of this process. 
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Various studies have reported the NOM removal efficiencies of biofiltration, but most of them 
focused on the evaluation of existing systems (Gimbel et al., 2006; Grünheid et al., 2005; Weiss et 
al., 2004). Little effort was done to improve the biofiltration process. Since biodegradation is 
responsible for most NOM removal (Collins et al., 1992; Rauch-Williams and Drewes, 2006; Rauch 
and Drewes, 2005), the amount of both electron donors (NOM, especially biodegradable dissolved 
organic matter (BDOC)) and electron acceptors (mainly dissolved oxygen (DO)) could impact the 
NOM removal. Therefore, some modifications that contribute to the increase of BDOC and/or DO 
have the potential to be applied in the biofiltration.  
Previous studies have shown that enhanced zero valent iron (ZVI) process could improve the 
biodegradability of highly polluted wastewater through reactions involving reactive oxygen species 
(Fan et al., 2009; Ying et al., 2012). From a technology point-of-view, enhanced-ZVI could be used 
to increase the amount of BDOC for biofiltration in drinking water production as well, because, due 
to the dilute nature of drinking water, partial reduction of the limited available DO may provide 
sufficient electron acceptors to promote the necessary reactions to partially oxidise and breakdown 
NOM into small molecular compounds (Matilainen et al., 2010). However, no study has been 
reported about how the enhanced-ZVI impacts the biodegradability of NOM during drinking water 
treatment, and a comprehensive evaluation of this technology will fill in the research gap.  
 
1.2 Organization of the thesis 
This thesis is organized into 10 chapters. Chapter 1 gives a general introduction to the background 
and the organization of the thesis. Chapter 2 presents a detailed and critical literature review, based 
on which research gaps are identified. Chapter 3 highlights the research objectives addressed. 
Chapter 4 describes the analytical methods used in this thesis. Chapters 5 to 9 present the research 
outcomes. Specifically, chapter 5 presents the performance of enhanced-ZVI in NOM removal and 
the feasibility of using this technology to improve the biodegradability of NOM for biofiltration, 
while chapter 6 shows the long-term performance of the enhanced-ZVI+biofiltration process for 
drinking water treatment. Chapter 7 shows the impact of redox condition on the removal of NOM 
and DBP precursors as well as the performance of re-aerated engineered short residence time 
riverbank filtration. Chapter 8 presents the impact of short-term shock loadings on the performance 
of biofiltration and chapter 9 shows the benefits that could be obtained by adding a biofiltration 
before coagulation in terms of water quality and economic aspects. Chapter 10 concludes the main 
achievements of the thesis and gives recommendations for future research. 
 
3 
 
2. Literature review 
 
2.1 Water quality, natural organic matter (NOM) and disinfection by-product (DBP) 
precursors 
The objective of water treatment is to produce water that is chemically and microbiologically safe 
and aesthetically pleasing. More specifically, water treatment needs to remove particles, colour,  
and taste and odour, originally present in the source water; remove or inactivate pathogenic 
microorganisms, including bacteria, viruses, and  protozoans; remove or reduce organic content and 
other chemicals that can be detrimental to health (Gimbel et al., 2006; Speitel Jr et al., 1993; 
Spellman and Drinan, 2012).  
NOM, defined as the complex matrix of organic materials present in natural waters (Owen et al., 
1995), has significant impact on the performance of water treatment, such as increasing coagulant 
and disinfectants doses, transporting metals and hydrophobic organic chemicals, contributing to 
colour, taste, and odour, fouling membranes, and acting as substrate for bacterial growth in 
distribution systems (Jacangelo et al. 1995; Matilainen et al. 2010). More importantly, the reactions 
between free chlorine, the predominant disinfectant applied in much of the world, and NOM 
produce potentially harmful DBPs.  
DBP formation pathways have been researched and reviewed extensively (Singer 1994; Xie 2003; 
Shah et al. 2012). In potable water, trihalomethanes (THMs) and haloacetic acids (HAAs) are the 
most prevalent classes of DBPs on a weight basis (Krasner et al., 2006). For THMs and HAAs, 
different NOM fractions have different formation potentials (DBP FP). Generally, the hydrophobic 
and large molecular weight (MW) fractions have demonstrated higher DBP FP than corresponding 
hydrophilic and low MW fractions (Liang and Singer, 2003). However, the hydrophilic and low 
MW fractions are also important DBP precursors, and have a higher reactivity with bromine 
(formed via the reactions between chlorine and bromide), which may lead to an increase of the 
proportion of brominated DBPs (Hua and Reckhow, 2007; Kristiana et al., 2010; Liang and Singer, 
2003). Moreover, some non-regulated DBPs, especially nitrogen-containing DBPs (N-DBPs), 
including haloacetonitriles (HANs), haloacetamides (HAcAms), halonitromethanes (HNMs), and 
nitrosamines, gained research interests in recent years for their higher cytotoxicity and genotoxicity 
(Krasner et al., 2006; Plewa et al., 2002). The identified reactive N-DBP precursors tend to be of 
low MW and belonged to hydrophilic neutral or base fractions of NOM, which are harder to be 
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removed in coagulation-filtration-based water treatment process (Bond et al., 2012; Shah and Mitch, 
2012). 
 
2.2 Treatment of NOM and DBP precursors  
2.2.1 Coagulation 
Coagulation followed by clarification and/or filtration is normally the most common and 
economical process to remove particles and NOM for a conventional water treatment plant (WTP). 
During coagulation, aluminium and ferric salts are widely used as coagulants (Duan and Gregory, 
2003), and NOM is removed through a combination of charge neutralisation, entrapment, 
adsorption, and complexation with coagulant metal ions into insoluble particulate aggregates, as 
shown in Figure 2-1 (Jarvis et al., 2004). Many factors could impact coagulation’s removal 
efficiency for NOM, including coagulation dose, mixing conditions, pH, temperature, particle, and 
NOM properties (Matilainen et al., 2010).  
 
 
Figure 2-1 Proposed mechanisms for NOM removal during coagulation. Adapted from Jarvis et al. 
(2004). 
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Coagulation preferentially removes hydrophobic and high MW NOM fractions (Edzwald, 1993; 
Liang and Singer, 2003). Specific UV absorbance (SUVA254), defined as ultraviolet absorbance of a 
water sample at 254 nm wavelength (UV254) normalized for dissolved organic carbon (DOC) 
concentration, is a commonly used parameter to estimate the dissolved aromatic carbon content in 
aquatic systems (Weishaar et al., 2003). Source waters with high SUVA254 are more amenable to be 
treated with coagulation (Bond et al., 2011). For different waters, DOC, THM precursors, and HAA 
precursors removal efficiencies ranged from 7%-76%, 7-76%, and 15-78%, respectively (Bond et 
al., 2011), and generally, more HAA precursors could be removed than THM precursors during 
coagulation (Liang and Singer, 2003). However, due to the hydrophilic nature of some N-DBP 
precursors, coagulation was not a good barrier for these organics (Bond et al., 2010; Pietsch et al., 
2001; Roccaro et al., 2014)  ). 
2.2.2 Advanced oxidation processes (AOPs) 
AOPs involve the in situ generation of highly reactive radical intermediates, particularly hydroxyl 
radical (OH radical) (Glaze et al., 1987). OH radical is a strong oxidant, non-selectively reacting 
with organic and inorganic compounds to gain oxidation or mineralization. Various processes have 
been developed to produce OH radicals, including O3/H2O2, UV/H2O2, UV/O3, UV/TiO2, Fe
2+
/H2O2, 
and Fe
2+
/H2O2 + hv (Matilainen and Sillanpää, 2010).  
OH radicals react with NOM through three mechanisms: (i) addition of OH radicals to double 
bonds; (ii) H atom abstraction, yielding carbon centred radicals; (iii) electron transfer reactions, 
where an OH radical receives an electron from an organic substituent (Kleiser and Frimmel, 2000; 
Von Sonntag, 2008). Hydrophobic and high MW fractions of NOM are preferably decomposed by 
AOPs, and as a result, after the treatments more hydrophilic and low MW fractions are produced 
(Bazri et al., 2012; Liu et al., 2008; Park and Yoon, 2007; Sanly et al., 2007), which are less 
reactive with OH radicals and thus not mineralized completely (Sanly et al., 2007). Many studies 
have reported that AOPs could significantly reduce the SUVA254 of treated water (Liu et al., 2008; 
Moncayo-Lasso et al., 2008; Sanly et al., 2007), and therefore 50-90% of THM and HAA 
precursors could be removed (Liu et al., 2008; Moncayo-Lasso et al., 2012; Park and Yoon, 2007).  
However, under some conditions, e.g. shorter reaction time or lower reaction intensity, the 
incomplete oxidation of NOM and the formation of some hydrophilic substituents during AOPs 
might lead to an increase of the absolute and/or specific THM FP and HAA FP (DBP FP 
normalized for DOC concentration) (Bond et al., 2009; Kleiser and Frimmel, 2000; Liu et al., 2008; 
Mayer et al., 2014). Also, AOPs involving medium pressure UV lamps have the potential to 
produce more HNM due to the photolysis of nitrite and the formation of nitrating agent, e.g. 
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nitrogen dioxide (NO2•), dinitrogen tetraoxide (N2O4) and peroxynitrous acid (ONOOH) (Shah and 
Mitch, 2012). 
2.2.3 Ozonation 
Ozone oxidises NOM through the reactions involving molecular ozone (O3) and/or OH radicals, 
which are formed through the decomposition of ozone (Elovitz and Von Gunten, 1999). Compared 
with OH radicals, O3 is a more selective oxidant and mainly reacts with double bonds, activated 
aromatic systems, and non-protonated amines structure of NOM (von Gunten, 2003a). After 
ozonation, low MW compounds, mainly aldehydes (formaldehyde, acetaldehyde, glyoxal, 
methylglyoxal) and carboxylic acids (formic, acetic, oxalic, glyoxylic, pyruvic and ketomalonic 
acids) (von Gunten, 2003b), are formed. Previous studies have reported that ozonation could reduce 
UV254 drastically while only minor DOC reduction was observed (Kleiser and Frimmel, 2000; 
Molnar et al., 2012).  
For different applications of ozonation, O3 and OH radicals are of differing importance (von Gunten, 
2003a). De Vera et al. (2015) suggested that, compared with OH radicals dominated processes, O3 
dominated processes removed more THM, HAA, and HAN precursors. Overall, 5-75% THM and 
HAA precursors reduction could be achieved by ozonation (von Gunten, 2003b). However, the 
increase of DBP FP after ozonation was also reported by researchers, including THMs (Mao et al., 
2014), HAAs (Mao et al., 2014; Speitel Jr et al., 1993), HANs (Molnar et al., 2012), CH, HKs and 
HNMs (De Vera et al., 2015). It is hypothesized that the increased DBP FPs may result from the 
formation of intermediate species by partial oxidation processes (e.g., the formation of phenolic 
compounds from the oxidation of aromatic compounds by OH radicals, formation of methyl ketones 
from the oxidation of olefines with ozone) (von Gunten, 2003b).  
2.2.4 Activated carbon 
Activated carbon (AC) is the primary adsorbent used in water treatment to remove impurities, 
which can be applied as powdered activated carbon (PAC) or granular activated carbon (GAC). AC 
removes NOM through adsorption of soluble NOM and physical filtration of particulate NOM 
(Gibert et al., 2013). Many factors could impact NOM removal efficiency, including the 
characteristics of NOM (McCreary and Snoeyink, 1980), pore size and surface chemistry of AC 
(Treguer et al., 2006), and pH and ionic strength of the solution (Lu and Su, 2007). However, the 
main factor that determines the effective adsorption of NOM by AC is size exclusion effect, for 
which AC pore volume should match with NOM size (Gibert et al., 2013). Therefore, in general, 
the NOM fractions with low MW are more amenable for AC adsorption than the high MW fractions. 
For example, Matilainen et al. (2006) suggested that AC mainly removes NOM fractions with MW 
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of 1,000-4,000 g/L, and Velten et al. (2011) found that AC had no adsorption capacity for high MW 
biopolymers.  
As the AC media becomes exhausted, a significant amount of biomass or biofilm would colonize on 
the rough surface of AC. This naturally occurring active biofilm is capable of removing 
(biodegrading) the entrapped waterborne nutrients in the AC pores, NOM adsorbed to the AC 
surfaces, and other contaminants in source water (Simpson, 2008). Following, the AC turns into 
biological AC (BAC). BAC is usually placed after AOPs or ozonation processes to remove small 
molecular, hydrophilic, and biodegradable organic matters produced through the partial oxidation of 
NOM (Toor and Mohseni, 2007; von Gunten, 2003b). Compared with ozonation or AOPs alone, the 
ozonation/BAC or AOPs/BAC process can substantially improve the removal efficiencies for NOM, 
THM and HAA precursors (Chaiket et al., 2002; Chu et al., 2012; Cipparone et al., 1997; Toor and 
Mohseni, 2007). Even for N-DBP precursors, a better removal in ozonation/BAC process was 
reported by Chu et al. (2012).  
2.2.5 Membranes 
Based on the pore size of the membrane, there are four types of membranes commonly used in 
water treatment: (i) microfiltration (MF): the membranes have pores of 50 nm to 1 um, which could 
be used to retain colloids, microorganisms, and suspended solids; (ii) ultrafiltration (UF): the 
membranes have pores in the range of 5 to 20 nm, mainly removing fine collides, macromolecules, 
and microorganisms; (iii) nanofiltration (NF): the membranes have pores size of about 2 to 5 nm 
and partially retain ions; (iv) reverse osmosis (RO): the membranes are non-porous and 
preferentially pass water and retain most solutes including ions (Zhang et al., 2012). Membranes 
remove NOM through several mechanisms, including size exclusion, charge repulsion and, 
hydrophobic interactions (Metsämuuronen et al., 2014). Thus, the properties of membrane materials 
and NOM, including size distribution and hydrophobic/hydrophilic character, and the solution 
composition, such as pH, ionic strength, and divalent cation content, would affect the effectiveness 
of NOM removal in membrane-related processes (Metsämuuronen et al., 2014). 
Since the pore size of MF is much larger than that of NOM, MF is not very effective in removing 
NOM (Metsämuuronen et al., 2014). Only 6%, 7%, and less than 1% of DOC, THM precursors, and 
HAA precursors removal were reported by Siddiqui et al. (2000). UF preferentially removes higher 
MW and negatively charged hydrophobic fractions of NOM (Ates et al., 2009; Cho et al., 2000; de 
la Rubia et al., 2008; Metsämuuronen et al., 2014). In a previous study, Siddiqui et al. (2000) 
showed that 25-32%, 50%, and 32% of DOC, THM precursors, and HAA precursors could be 
removed by UF. Ates et al. (2009) observed a higher removal efficiency of THM precursors than 
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HAA precursors as well, and the authors proposed that it might be related to UF’s ineffectiveness in  
retaining low MW NOM fractions associated with HAA formation. Similar as observed for UF, NF 
also preferentially removes hydrophobic fractions of NOM (Ates et al., 2009; de la Rubia et al., 
2008), however, due to the smaller pore sizes, more than 90% of DOC, THM and HAA precursors 
could be removed by NF (Metsämuuronen et al., 2014). For RO, it is highly efficient in removing 
NOM and even used to isolate and concentrate NOM (Kitis et al., 2001b; Koprivnjak et al., 2006).  
2.2.6 Ion exchange 
Ion exchange refers to the exchange of an ion in the aqueous phase for an ion in the solid phase. 
Since NOM normally has a negative charge, both the conventional polymeric anion exchange resins 
and a magnetic ion exchange (MIEX
®
) resin have been used to remove NOM in drinking water 
treatment (Boyer and Singer, 2005; Cornelissen et al., 2008). The major difference between these 
two resins is their mode of treatment: the conventional polymeric resins are used in a fixed-bed to 
filter water, whereas MIEX
®
 resin is used in a completely mixed flow reactor to fully contact with 
water (Boyer and Singer, 2008). Many factors could impact the performance of exchange resins, 
including the characteristics of the resins, water quality (pH, ionic strength, hardness, etc.), and the 
nature of NOM (MW, charge density, polarity) (Cornelissen et al., 2008; Hsu and Singer, 2010). 
Some studies have shown that the removal performance of ion exchange resins for NOM decreased 
with the increase of hydrophobicity and MW of NOM (Croué et al., 1999; Mergen et al., 2008), 
indicating that size exclusion is probably an important factor limiting NOM removal (Croué et al., 
1999) and ion exchange resin preferentially remove smaller, polar and highly charged compounds 
(Bolto et al., 2002). However, Humbert et al. (2008) found that both high and low MW fractions of 
NOM were effectively removed by ion exchange resin. For DBP precursors, 70-80% THM and 
HAA precursors reduction could be achieved by using MIEX
®
 (Boyer and Singer, 2005; Singer and 
Bilyk, 2002). Due to the good removal of  DON (more than 60%) during MIEX treatment (Aryal, 
2015), the reduction of N-DBP precursors was expected as well (Bond et al., 2012). 
2.2.7 Combination of different processes 
In order to remove different NOM fractions effectively, the above-mentioned processes are 
normally integrated with each other. Szlachta and Adamski (2009) and Kristiana et al. (2011) have 
reported that addition of PAC during coagulation could improve the NOM removal by up to 70%, 
which was related to the adsorption of low MW NOM by PAC (Szlachta and Adamski, 2009). 
Jarvis et al. (2008) showed that using MIEX
®
 before coagulation could save 50-70% coagulant dose 
and achieved even better NOM and DBP precursors removal. To improve NOM removal and 
reduce the membrane fouling, some hybrid membrane treatment systems were used in many studies, 
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such as coagulation-MF/UF system (Leiknes et al., 2004; Zularisam et al., 2009) and MIEX
®
-
coagulation-membranes (Huang et al., 2012). 
 
2.3 Processes similar to those studied in this thesis 
2.3.1 Biofiltration applied as pre-treatment 
2.3.1.1 Riverbank filtration 
Riverbank filtration (RBF) is a natural form of water treatment process that has been used in Europe 
and the United States for decades (Ray et al., 2003). For RBF, river water or other surface water 
passes through aquifers in the banks and proceeds to the groundwater table naturally or through the 
inducement by pumping wells (Kuehn and Mueller, 2000). During this process, aquifer sediments 
act as a natural filter removing various contaminants. The removal mechanisms involve physical 
filtering, microbial degradation, ion exchange, precipitation, sorption, and dilution with 
groundwater (Ray et al., 2002). Figure 2-2 shows a typical RBF system. The performance of RBF 
depends on production well types and pumping rates, the travel time of surface water between the 
river and the production wells, source water quality, site hydrogeology, biochemical reactions and 
redox conditions in sediments and aquifer, and the quality of background groundwater (Ray et al., 
2003). In a natural RBF system, the residence time varied from several days to months (Grünheid et 
al., 2005; Weiss et al., 2003).   
 
Figure 2-2 A typical RBF system. Adapted from Ray et al. (2003) 
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2.3.1.2 Slow sand filtration 
Historically, slow sand filtration (SSF) is the first engineered/mechanical filtration process used in 
drinking water treatment (Ellis, 1985). For SSF, untreated surface water is introduced over the 
surface of the filters and then drained from the bottom. While SSF involves a depth of granular 
media (sand), most contaminants removal occurs near the top/surface in association with a clogging 
layer known as schmutzdecke (Gimbel et al., 2006). Compared with RBF, much shorter hydraulic 
retention times (HRT) (≥ 2 h) are applied in SSF, and the redox condition of SSF is mainly oxic 
(aerobic) (Gimbel et al., 2006), while both oxic (aerobic) and anoxic/anaerobic conditions exist in 
RBF (Grünheid et al., 2005; Schmidt et al., 2007; Sontheimer, 1980). Besides groundwater dilution, 
the similar contaminants removal mechanisms are occurring during SSF and RBF (Ray et al., 2002).  
2.3.1.3 Contaminants removed by biofiltration applied as pre-treatment 
2.3.1.3.1 Pathogens 
Both RBF and SSF are highly effective (more than 4-log reduction) in removing microbial 
pathogens, such as Cryptosporidium and Giardia (Gollnitz et al., 2003; Timms et al., 1995). During 
the filtration processes, microbial pathogens are removed from the aqueous phase by advection, 
dispersion, straining, physicochemical filtration, attachment to the aquifer, inactivation, 
sedimentation in connected pores, and trapping in dead-end pores (Weber-Shirk and Dick, 1997). 
Temperature, filtration distance, and media size and shape could impact the efficiency of filtration. 
Lower temperature, shorter filtration distance, and larger and round media would limit the removal 
efficiency (Bellamy et al., 1985; Tufenkji et al., 2004). When the filtration velocity is slow and the 
media is made of irregular granular materials with open pore space for water flow around the grains, 
highly efficient removal is expected. Under these conditions, the flow path is tortuous, thereby 
providing more opportunities for organisms to contact with and attach to a granular surface (Ray et 
al., 2003). The size of pathogens also affects the removal efficiency. According to filtration theory, 
microbes in the order of 1 µm in size experience the fewest collisions with aquifer grains and, hence, 
exhibit the greatest mobility (Tufenkji et al., 2002). A recent pilot-scale study indicated that among 
different organisms, the bacterial indicators (1-2 µm) had the highest mobility during RBF; whereas 
much greater retention was observed for viruses (0.025-0.065 µm) and Cryptosporidium parvum 
oocysts (4-7 µm) (Gupta et al., 2009).  
2.3.1.3.2 Microcystins & taste- and odour-causing compounds 
Microcystins are cyclic heptapeptides produced by certain cyanobacteria (blue-green algae) (Holst 
et al., 2003). During cyanobacterial blooms, elevated microcystins concentration might be observed. 
Although coagulation could remove cyanobacteria cells efficiently, it was inefficient for the 
removal of microcystins (Ray et al., 2003). As cost-effective treatment processes, both RBF and 
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SSF are highly promising for microcystins control (up to >95% removal ) (Grützmacher et al., 2002; 
Lahti et al., 1998), and biodegradation is the dominant removal mechanism (Grützmacher et al., 
2010; Ho et al., 2012). The physicochemical conditions of the media are crucial for the performance 
of biofiltration. For example, soils with higher organic carbon content and clay content showed a 
higher microcystins removal efficiency (Miller and Fallowfield, 2001); anoxic conditions either 
inhibited or retarded microcystins degradation in comparison to oxic conditions (Klitzke and 
Fastner, 2012). In addition, the composition of the source water and operational conditions have 
influences on microcystin degradation as well. For instance, the presence of aquatic DOC enhanced 
microcystins degradation, while the readily available organic carbon was preferentially metabolized 
by microorganisms and hence induced a lag phase for microcystins reduction (Klitzke et al., 2010); 
lower temperature retarded biodegradation and further inhibited the microcystins degradation 
(Grützmacher et al., 2002). 
Other algal-derived compounds that could be removed by biofiltration are taste- and odour-(T&O) 
causing compounds, such as geosmin and 2-methylisoborneol (MIB). Maeng et al. (2012a) have 
reported > 97% removal of geosmin and MIB in a simulated RBF system (EBCT was 11 h), while 
in Hsieh et al. (2010)’s study a simulated SS system removed 63% and 97% of MIB and geosmin, 
indicating that the degradation of MIB might require longer contact time. Biodegradation is the 
predominant mechanism for geosmin and MIB removal, and the reaction rate is determined by the 
initial concentration of biomass but not the initial concentrations of geosmin and MIB (Ho et al., 
2007; Hsieh et al., 2010; Maeng et al., 2012a). Furthermore, re-exposure of the biomass to geosmin 
and MIB would enhance the biodegradation rate (Ho et al., 2007). 
2.3.1.3.3 Organic micropollutants 
Recently, there has been an increasing detection of organic micropollutants, including 
pharmaceutically active compounds (PhACs), endocrine disrupting compounds (EDCs) and 
personal care products (PCPs), in surface waters, especially those impaired by upstream wastewater 
treatment plants (WWTPs) (Heberer et al., 2002).  A Previous field study has shown that RBF (25 
days HRT) was a good barrier for micropollutants, and besides tris(2-chloroethyl)-phosphate (TCEP) 
and carbamazepine, more than 80% removal efficiency could be achieved for most studied 
micropollutants (Hoppe-Jones et al., 2010). However, in D'Alessio et al. (2015)’s study, the 
simulated SSF system (with HRT of 11 h) only had limited removal efficiencies (< 10%) for 
carbamazepine, gemfibrozil, and phenazone, while caffeine was completely removed and estrone 
and 17-beta estradiol were partially removed (11–92%).  
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During biofiltration, micropollutants are removed via various mechanisms, with the most important 
mechanism occurring is biodegradation (Maeng et al., 2011a). Many factors could impact the 
removal efficiency, such as physicochemical properties of micropollutants, redox conditions of the 
aquifers, and the organic matters in source water (Grünheid et al., 2005). Neutrally-charged 
micropollutants with high logKow (octanol-water partition coefficient) values were preferentially 
adsorbed by the media (Benotti et al., 2012), which thereby impacted the bioavailability of these 
compounds. Phenazone-type pharmaceuticals exhibited better removal efficiencies under oxic 
conditions, while the removal efficiencies for adsorbable organic iodine (AOI) and 
sulfamethoxazole improved greatly under anoxic conditions (Maeng et al., 2011b). In addition, 
Rauch-Williams et al. (2010) and Maeng et al. (2012b) showed that low BDOC contents in feed 
water enhanced the degradation of some recalcitrant compounds, such as diclofenac, gemfibrozil, 
and bezafibrate, by inducing an oligotrophic microbial community via long-term starvation.  
2.3.1.3.4 NOM and DBP precursors 
Another major application of biofiltration is to remove NOM, and the removal efficiencies varied 
from site to site. Generally, 30 to 80% of DOC could be removed by RBF (Maeng et al., 2011b), 
while the removal efficiency for SSF is from <15% to 30% (Gimbel et al., 2006). Biodegradation is 
thought to be responsible for most NOM removal during biofiltration (Collins et al., 1992; Rauch-
Williams and Drewes, 2006; Rauch and Drewes, 2005). Previous studies have shown that during 
RBF the non-humic substances, such as aliphatic organic matter and biopolymers, were 
preferentially removed (Maeng et al., 2011b). Even for the generally assumed non-degradable 
humic substances, partial degradation occurred after RBF (Grünheid et al., 2005). In Weiss et al. 
(2004)’s study, the authors reported that 50-90% of BDOC and assimilable organic matter (AOC) 
were removed by RBF, with hydrophobic and hydrophilic NOM fractions decreasing equally. 
However, Collins et al. (1992) found that SSF preferentially removed NOM with MW of <500 and 
500-5,000 Da, and more hydrophobic fractions were removed than hydrophilic ones. 
In regards to DBP precursors removal, RBF was able to remove 50-80% of THM and HAA 
precursors, while 30-100% removal was achieved for HANs, HKs CH and TCNM precursors 
(Weiss et al., 2003). In addition, Weiss et al. (2004) indicated that there were no consistent changes 
in the reactivity of the hydrophobic and hydrophilic fractions with chlorine upon RBF, and the 
distribution of the chlorinated and brominated DBPs species between the river and well water had 
no significant difference either. Thus, the authors proposed that the reduction of DBP precursors 
appeared to be caused by the reduction of DOC concentration rather than a consistent change in 
NOM character. However, other researchers found that after underground passage the specific THM 
FP increased (Xue et al., 2008) or decreased (Quanrud et al., 2003), implying the characteristics’ 
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changes of  DBP precursors during the underground passage. For SSF, 9-30% of THM precursors 
removal was reported in Collins et al. (1992)’ study. 
2.3.2 Carbon cathode enhanced zero valent iron process  
Zero valent iron (ZVI) has been evaluated in drinking water treatment to remove arsenic (Kanel et 
al., 2005; Sun et al., 2006), reduce chlorinated organic groundwater pollution (Ma et al., 2012; Ruhl 
et al., 2012), and inactivate pathogens (Shi et al., 2012; You et al., 2005b) based on its relatively 
cheap price and easy availability. A recent review summarised the general limitations and 
countermeasures of the ZVI technology (Guan et al., 2015). Among them perhaps the most 
important drawback is a low intrinsic reaction rate due to mass transfer limitations imposed by the 
available surface, which is aggravated by gradually increasing passivation as iron corrosion 
products accumulate on the ZVI grains over time. Two of the countermeasures described in the 
aforementioned review aiming to overcome these limitations are adding complexing agents that 
reduce passivation of the ZVI surface by iron oxides (Keenan and Sedlak, 2008) and adding a 
second material (e.g. GAC) acting as cathode promoting spontaneous galvanic corrosion 
accelerating the, which could be called carbon cathode enhanced-ZVI process) (Wang et al., 2009; 
Ying et al., 2012). 
Enhanced-ZVI, based on galvanic cell reactions, can be viewed as a form of electrolysis, although 
the electrons are supplied from the galvanic corrosion of various micro-scale sacrificial anodes 
instead of external power (Ruan et al., 2010). Iron chips and GAC are commonly used materials for 
this process. When the mixture of iron and GAC is contacted with water or wastewater (electrolyte 
solution), a large number of microscopic galvanic cells formed. The electrode reactions can be 
represented as follows (Ruan et al. 2010a):  
Iron anode (oxidation):  
𝐹𝑒(𝑠) → 𝐹𝑒2+(𝑎𝑞) + 2𝑒                   𝐸0(𝐹𝑒2+ 𝐹𝑒⁄ ) = −0.44 𝑉                                                    (Eq.1)  
𝐹𝑒2+ → 𝐹𝑒3+(𝑎𝑞) + 𝑒                        𝐸0(𝐹𝑒3+ 𝐹𝑒2+⁄ ) = +0.77 𝑉                                              (Eq.2) 
 
Carbon cathode (reduction):  
2𝐻+ + 2𝑒 → 2[𝐻] → 𝐻2(𝑔)             𝐸
0(𝐻+ 𝐻2⁄ ) = 0.00 𝑉                                                          (Eq.3) 
 
Carbon cathode (reduction) in the presence of oxygen: 
𝑂2(𝑔) + 4𝐻
+(𝑎𝑞) + 4𝑒 → 2𝐻2𝑂                    𝐸
0(𝑂2 𝐻2𝑂⁄ ) = +1.23 𝑉                                       (Eq.4)       
𝑂2(𝑔) + 2𝐻
+(𝑎𝑞) + 2𝑒 → 𝐻2𝑂2(𝑎𝑞)            𝐸
0(𝑂2 𝐻2𝑂2⁄ ) = +0.68 𝑉                                     (Eq.5) 
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𝑂2(𝑔) + 4𝐻
+(𝑎𝑞) + 4𝑒 → 4𝑂𝐻−(𝑎𝑞)           𝐸0(𝑂2 𝑂𝐻
−⁄ ) = +0.40 𝑉                                     (Eq.6) 
 
According to the above-listed reactions, iron is being oxidized to Fe
2+
 or Fe
3+
 at the anode, and 
under certain conditions, H2O2 could be produced at the cathode. The combination of Fe
2+
 and H2O2 
has the potential to produce highly oxidative OH radicals following the well-known Fenton process, 
which is capable of degrading a variety of organic substances and has better performance under 
acidic conditions (Pignatello et al., 2006). Moreover, ferrous and ferric hydroxide formed from 
oxidation and precipitation of Fe
2+
 are able to remove organic contaminants through adsorption, co-
precipitation, and enmeshment (Wang et al., 2009). The redox reactions involved nascent hydrogen 
([H]), adsorption by GAC, and electrochemical aggregation could contribute to overall 
contaminants elimination as well (Wang et al., 2009; Ying et al., 2012). 
2.3.2.1 Application of enhanced ZVI 
At present, enhanced-ZVI is mainly evaluated in wastewater pre-treatment, especially for poorly 
biodegradable wastewater, such as pharmaceutical wastewater (Wang et al., 2009), landfill leachate 
(Ying et al., 2012), and dye wastewater (Ruan et al., 2010). For these highly polluted wastewaters, 
more than 70% of COD could be removed. 
Due to the concomitant occurrences of many physical and chemical processes, various operational 
factors should be considered to guarantee good performance of enhanced-ZVI. For enhanced-ZVI, 
iron is an anodic metal to provide electrons, meanwhile, carbon particles are used as a cathode to 
form a variety of microscopic galvanic cells in contact with iron particles, increasing the current 
efficiency significantly (Lai et al., 2013). Therefore, the performance of enhanced-ZVI would be 
influenced by the number of cathodes and in turn the ratio of iron to carbon particles (Lai et al., 
2013). Initial pH affected enhanced-ZVI by influencing Fenton process, including the iron 
speciation, H2O2 decomposition rate, and the efficiency of Fenton process (Cheng et al., 2007; 
Pignatello et al., 2006). Generally, low pH is supposed to improve enhanced-ZVI performance 
(Yang, 2009).  
Another factor that affects the performance of enhanced-ZVI is oxygen. When there is no oxygen in 
enhanced-ZVI system, the cathode reaction follows (Eq.3), while available oxygen would promote 
the occurring of the reactions (Eq.4) to (Eq.6) (Ying et al., 2012). However, excessive oxygen 
would compete against pollutants for OH radicals and thus enhance the decomposition of H2O2 
(Ying et al., 2012). Therefore, in order to produce H2O2 and trigger Fenton process, the amount of 
oxygen in enhanced-ZVI system should be properly controlled.  
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2.4 Conclusion of literature review and research gaps 
2.4.1 Research gap 1 – need for efficient low-energy process to increase biodegradability of NOM 
For some source waters, the limitation of BDOC may restrict the performance of biofiltration. 
Therefore, to improve the performance, it would be appropriate to use methods to convert non-
biodegradable organic carbon into BDOC, e.g. by ozonation or AOPs. However, the addition of 
these processes might increase the overall operation cost and complexity of WTPs. Therefore, a 
simple and low-energy consumption technology that could improve the biodegradability of raw 
water is needed. Enhanced-ZVI has been successfully used to improve the removal of various 
refractory contaminants in wastewater treatment (Chen et al., 2012; Lai et al., 2013; Ruan et al., 
2010; Song and Gao, 2014; Ying et al., 2012). However, no evaluation has been conducted to 
determine the performance of enhanced-ZVI or the synergy between enhanced-ZVI and 
biofiltration in the context of NOM removal during drinking water production. 
2.4.2 Research gap 2 – role of oxic and anoxic zones in biofiltration performance 
The dependence on local hydrogeological conditions restricts the wide application of RBF. 
Therefore, for sites not suitable for natural RBF, an engineered RBF with reasonable HRT could be 
a solution, which renders the possibility of further engineered improvements. Oxic biodegradation 
had been reported more efficient than anoxic/anaerobic biodegradation for NOM removal during 
RBF (Grünheid et al., 2005). But, dissolved oxygen (DO), the main electron acceptor during oxic 
conditions, dropped rapidly in the first meters’ filtration, which could be a limiting factor for further 
oxic degradation. However, Bastviken et al. (2004) suggested that previous anoxic degradation 
could enhance the subsequent oxic degradation of NOM, which was possibly due to the formation 
of easily degradable fermentation products during the anoxic period. Therefore, theoretically, re-
aeration of the engineered RBF after certain distance filtration could be a potential way to improve 
its overall performance, and the impact of this process on NOM and DBP precursors’ removal 
deserves investigations. 
2.4.3 Research gap 3 – impact of hydraulic shock loading on biofiltration performance 
Besides removal efficiency, reliable and consistent performance is also an important factor 
impacting the market penetration of certain water treatment technologies. RBF relies on the 
hydrologic systems between the river and the pumping well. Flow and hydraulic residence times, 
especially for small RBF systems, depend on the natural pressure gradients. During rain events, 
rising water tables can increase the pressure gradient between the river and aquifer and shorten the 
HRT of RBF. HRT is an important factor affecting RBF performance (Ray et al., 2003), thus, the 
shortened HRT during flood may limit the removal of impurities by RBF. Some studies have been 
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conducted to investigate RBF’s removal performance for pathogens under flood conditions (Derx et 
al., 2013; Gupta et al., 2009), however, no study regarding the fate of NOM and DBP precursor 
under such conditions was conducted. 
2.4.4 Research gap 4 – removal of DBP precursors by biofiltration/coagulation process 
As a low cost and reliable water treatment process, biofiltration of source water could be an option 
to improve the overall NOM removal or/and reduce the operational cost for conventional 
coagulation-filtration-based WTPs. Previous studies have technically proven that adding a 
biofiltration step before coagulation could save coagulant dose and improve the overall NOM 
removal (Heinicke et al., 2006; You et al., 2005a; Zhang et al., 1998). However, without a 
comprehensive cost-benefit analysis it is hard to conclude if these technical benefits would warrant 
the incurred cost. Furthermore, the impact of the integrated biofiltration/coagulation process on the 
removal of DBP precursors has not been clearly studied and deserves further research.  
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3. Research objectives 
 
The overall aims of this Ph.D. thesis are to fill in the above-mentioned knowledge and technology 
gaps and improve the understanding of NOM and DBP precursors removal during the biofiltration 
process. More specifically, five research objectives will be addressed. 
3.1 Research objective 1 – evaluate the feasibility of using enhanced-ZVI in drinking 
water production 
Hypothesis: 
1. The composition and concentration of pollutants in wastewater and drinking water are different 
leading to different treatability of enhanced-ZVI. 
2. Different characteristics of different carbon cathodes may lead to changes in the efficacy of the 
enhanced-ZVI process. 
3. The concomitant occurrence of many physical and chemical processes during enhanced-ZVI may 
result in a change of the quality and quantity of NOM. 
Detailed objectives: 
1. To determine the feasibility of using enhanced-ZVI in drinking water treatment. 
2. To evaluate the performance of enhanced-ZVI with different carbon cathode materials. 
3. To study the impact of enhanced-ZVI on the biodegradability of NOM. 
 
3.2 Research objective 2 – determine the long-term performance of enhanced-ZVI 
Hypothesis: 
1. Oxidation reactions during enhanced-ZVI could improve the biodegradability of NOM, which is 
beneficial for subsequent biofiltration. 
2. During the operation of an enhanced-ZVI reactor, more and more ferric would precipitate and 
cover the surface of ZVI particles, resulting in passivation of ZVI. 
Detailed objectives: 
1. To evaluate the long-term performance of enhanced-ZVI+biofiltration process in removing NOM. 
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2. To study the passivation of enhance-ZVI bed and strategies to reactivate the passivated bed. 
 
3.3 Research objective 3 – use re-aeration to improve the performance of biofiltration 
Hypothesis: 
1. The redox conditions in biofiltration determine the composition of biofilm communities, which 
would further impact the biodegradation of NOM. 
2. Anoxic biodegradation could promote the hydrolysis and decomposition of larger and refractory 
organic matter, the by-products of which may be utilised by oxic biomass rapidly. 
3. Different DBP precursors exhibit different characteristics, thus, undergo different degradation at 
oxic and anoxic/oxic conditions.  
Detailed objective: 
1. To study the impact of re-aeration on biofiltration's removal performance for NOM and DBP 
precursors.  
 
3.4 Research objective 4 – study the resistance of biofiltration to shock loadings 
Hypothesis: 
1. Average source water characteristics and hydraulic conditions will determine BDOC and nutrient 
availability throughout a riverbed and biofilm formation, which includes the abundance of biofilm 
and the spatial distribution within a riverbed or a biological filter in general. 
2. In RBF systems with variable flow rates or organic concentrations an increase of organic mass 
loading on the biofilter may lead to an overloading in regards to available BDOC and nutrients and 
to compromise product water quality. 
Detailed objective: 
1. To study the tolerance of biofiltration to short-term organic or hydraulic loading (mainly focused 
on the removal performance for NOM and DBP precursors). 
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3.5 Research objective 5 – evaluate the benefits of adding biofiltration before 
coagulation  
Hypothesis: 
1. Biofiltration preferentially removes BDOC and thus reduces the concentration and changes the 
characteristics of NOM.  
2. Changed characteristics of NOM may lead to different treatability for coagulation and different 
DBP FPs for coagulated water. 
Detailed objectives: 
1. To compare the biofiltration/coagulation process with direct coagulation in terms of water quality 
and cost. 
2. To evaluate the impact of biofiltration on the subsequent coagulation’s removal performance for 
NOM and DBP precursors. 
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4. Analytical methods 
 
Before analysis, all samples were filtered with 1.2 µm syringe-driven glass fibre filter (Cole-Parmer, 
USA), which reproducibly removes particulates but passes dissolved and colloidal NOM into the 
filtrate. Although this filtration provides a filtrate that differs from the standard definition for 
determining the dissolved constituents of a solution, for the sake of convenience acronyms (e.g. 
DOC) will be applied throughout the study here forth and the analytes determined in different 
analysis will be referred to as “dissolved”.  
 
4.1 Dissolved organic carbon (DOC), total dissolved nitrogen (TDN), inorganic 
nitrogen species, UV254, and specific UV absorption (SUVA254) 
DOC and TDN were measured with a Shimadzu TOC-L total organic carbon analyser with a TNM-
L total nitrogen analyser unit and ASI-L autosampler. The concentration of inorganic nitrogen 
species, including NH4
+
-N, NO2
—
N, and NO3
—
N, were analysed using a Lachat QuikChem8000 
Flow Injection Analyzer (Lachat Instrument, Milwaukee, Wisconsin). 
UV254 was measured in a quartz cuvette with a Varian Cary 50 Bio UV-Visible spectrophotometer. 
For samples containing ferric, hydroxylamine was used to eliminate the effect of ferric on UV254 
measurement (Doane and Horwáth, 2010). 5 mL filtered sample was mixed with 5 mL Milli-Q 
water and 1 mL buffered hydroxylamine solution (0.3 g hydroxylamine hydrochloride, 1.8 g sodium 
acetate trihydrate, and 2.1 mL glacial acetic acid with water to a final volume of 10 mL), and after 
24 h, UV254 reading was recorded. 
SUVA254 was calculated by multiplying UV254 by 100 and then dividing by the DOC (mg-C/L) to 
obtain units of L/mg-C·m.  
 
4.2 Disinfection by-product formation potential (DBP FP) test and DBP analysis 
DBP FP test and the measurement of different DBPs followed the method described by Doederer et 
al. (2014). Before conducting the DBP FP test, the chlorine demand for each sample was 
determined. Based on chlorine demand results the adequate amount of sodium hypochlorite (Sigma-
Aldrich, Australia) was dosed into the samples to obtain a target residual of 1-2 mg/L as free Cl2 
after 24 h of contact time at room temperature. After 24 h, ascorbic acid was used to quench the 
residual free Cl2 and the DBPs formed in the samples were extracted and analysed with an Agilent 
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7890A (Shanghai, China) gas chromatograph with 
63
Ni electron capture detector (GC-ECD). All 
samples were extracted in duplicate and extracts split for simultaneous injection on two 
chromatographic columns at 200ºC and electron capture detection (GC-ECD) at 290ºC. DB-5 
column (30 m x 0.25 mm i.d., 1.0 µm film thickness, Agilent) was used for quantification, while a 
DB-1 column (30 m x 0.25 mm i.d., 1.0 µm film thickness, Agilent) was used for confirmation. 1,2-
dibromopropane was used as the internal standard. DBPs analysed in this study included 
trichloromethane (TCM), bromodichloromethane (BDCM), dibromochloromethane (DBCM), 
bromoform (TBM), chloral hydrate (CH), 1,1-dichloropropanone (11DCP) and 
1,1,1-trichloropropanone (111TCP), trichloroacetonitrile (TCAN), dichloroacetonitrile (DCAN), 
bromochloroacetonitrile (BCAN), dibromoacetonitrile (DBAN), trichloronitromethane (TCNM), 
and tribromonitromethane (TBNM). The limit of quantification for all DBPs was 0.1 μg/L. 
The specific DBP FP was calculated following (Eq.7), and the unit was ug DBP FP/ mg-C, 
indicating the DBP FP per unit of organic carbon and the relative tendency of organic carbon to 
form DBPs during chlorination. 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐷𝐵𝑃 𝐹𝑃 =
𝐷𝐵𝑃 𝐹𝑃
𝐷𝑂𝐶
                                                                                                                      (Eq.7) 
 
4.3 Iron speciation 
The sum of dissolved and colloid iron was measured according to the method of ISO 6332. Firstly, 
the following solutions were mixed: 4 mL filtered sample + 4 mL Milli-Q water + 2 mL 1,10-
phenantroline solution (1 g/L) + 2 mL pH buffer solution (75 g ammoniumacetate  and 175 mL 
acetic acid were diluted to 250 mL). After 1 min, the absorbance of the mixture at 510 nm (Varian 
Cary 50 Bio UV-Visible spectrophotometer, Australia) was recorded for the calculation of ferrous 
concentration, and then 1-2 spatula tips of ascorbic acid were added to the mixture (to reduce ferric 
to ferrous ions), which was stored in a dark place. Finally, after 24 h, the absorbance of the mixture 
at 510 nm was recorded again to calculate the total iron concentration, and the difference between 
the total iron and the initial ferrous concentration is considered to be the ferric concentration.  
The total iron in the regenerated H2SO4 or oxalic acid solution (no filtration) discribled in Chapter 6 
was measured by inductively coupled plasma optical emission spectrometry (ICP-OES, 7300DV, 
PerkinElmer). 
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4.4 Biodegradable DOC (BDOC) measurement 
BDOC was measured following the method using bacteria immobilised on sand (Joret et al., 1991). 
100 g freshly washed bioactive sand was mixed with 300 g water sample, and cultivated under 
aeration condition for 7 days. The difference between the initial and final DOC is defined as BDOC. 
The bioactive sand used in this study was collected from a lab-scale column reactor which had been 
fed with lake water for more than one year. Before measurements, the bioactive sand was washed 
with deionised water from a Milli-Q Advantage system for 10 times to remove the potently leached 
DOC from sand or biofilms. Compressed air used for aeration was filtered with Whatman
®
 
carbon/HEPA filter capsule (Carbon Cap 150, GE, USA) to remove gaseous organic matter that 
could dissolve into the sample and interfere with the measurement. Any evaporation losses were 
determined with a balance and compensated for by the addition of deionised water obtained from a 
Milli-Q Advantage system prior to analysis. 
 
4.5 Size exclusion chromatography (SEC) 
SEC was performed with a Shimadzu Prominence high-performance liquid chromatography system 
with UV–Vis photodiode array detector (SPD-M20A) and organic carbon detector (OCD, Sievers 
900 portable TOC analyser-Turbo, GE, USA). The chromatographic column TSK HW 50S (250 
mm × 20 mm, 3000 theoretical plates, Tosoh, Japan) was supplied by DOCLabor Huber and run at 
35°C. The mobile phase used was 25mM phosphate buffer solution (1.5 g/L Na2HPO4·2H2O, 
Sigma-Aldrich, Australia; 2.9 g/L NaH2PO4·2H2O, Ajax Finechem, Australia) with a flow rate of 
1.0 mL/min. Before use, the mobile phase was filtered through 0.45 μm nylon filters (PM 
Separations, Australia). The sample injection volume was 1000 μL, and the total analysis time was 
100 mins. For the OCD detector, 15% ammonium persulfate solution (APF 90150-01, GE, USA) 
was used as oxidizer with a flow rate of 4.0 μL/min, and 6 M phosphoric acid solution (APF 90310-
01, GE, USA) was used to acidify the samples with a flow rate of 3.0 μL/min. The interpretation of 
the peaks followed the method described by Huber et al. (2011).  
 
4.6 Fluorescence excitation–emission matrix (EEM) 
Fluorescence measurement was conducted with a PerkinElmer LS-55 luminescence spectrometer 
(PerkinElmer, Australia) in a 1 cm quartz cuvette. And the operation of the instrument was in the 
same way as described by Pype et al. (2013). Fluorescence intensity was recorded at different 
excitation wavelengths, from 200 nm to 400 nm at steps of 5 nm, and emission wavelengths, from 
280 nm to 500 nm at 0.5 nm steps, to generate a 3-dimensional fluorescence EEM. A 290 nm cut-
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off was used to limit the second-order Raleigh scattering. Excitation and emission scan slits were 
set at 7 nm, the scan speed was set to 1200 nm/min and the photomultiplier voltage was set in 
automatic mode. The obtained EEM was partitioned into five zones, including aromatic protein I-
like (P1-like), aromatic protein II-like (P2-like), microbial by-product-like (SMP-like), humic acid-
like (HA-like), and fulvic acid-like (FA-like) fluorescence, and interpreted following the method 
described by (Chen et al. (2003). 
 
4.7 Dissolved oxygen (DO) 
DO was measured with an optical DO sensors fitted in online flow-through cells (FDO 925-3 DO 
probe with a Multimeter 3420, WTW
®
, Germany).  
 
4.8 Sulphide (HS
-
) 
The concentration of HS
-
 was measured with a compact Dionex ICS-2000 ion chromatography with 
an AD25 absorbance (230nm) and a DS6 heated conductivity detector (35
o
C) in series. 
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5. Enhancing zero valent iron based natural organic matter removal by 
mixing with dispersed carbon cathodes 
 
The findings of this chapter were published in ‘Liu P., Keller J., Gernjak W. Enhancing zero valent 
iron based natural organic matter removal by mixing with dispersed carbon cathodes. Science of 
the Total Environment 2016; 550: 95-102.’ 
5.1 Introduction 
To date, GAC-based enhanced-ZVI process was mainly used to treat highly polluted wastewater, 
whereby the dissolved pollutants should ultimately be the primary electron acceptor (Lai et al., 2013; 
Ruan et al., 2010; Ying et al., 2012). From a technology point-of-view, the application in 
concentrated wastewater is very different compared to drinking water, which has a rather dilute 
nature. Then, partial reduction of the limited available dissolved oxygen may provide sufficient 
electron acceptors to promote the necessary reactions to achieve the treatment goal of NOM 
removal, including iron dissolution and generation of reactive oxygen species (Matilainen et al., 
2010). 
In drinking water treatment, to date, only a couple of studies have been reported on the GAC-based 
enhanced-ZVI process. These evidence reductive removal of trichloroethylene (Song and Gao, 2014) 
and removal of arsenic contamination (Chen et al., 2012), but no study has been reported about how 
this enhancement impacts natural organic matter (NOM) removal during drinking water production 
from surface waters. 
The aims of the chapter are (i) to evaluate the feasibility of enhanced-ZVI process for NOM 
removal under neutral condition; (ii) to verify the synergistic effect between ZVI and carbon in 
enhanced-ZVI process and the impact of this synergy on NOM removal; (iii) compare GAC with 
other, cheaper carbon cathode materials for NOM removal; (iv) verify if NOM removal occurs 
primarily due to adsorption and co-precipitation of iron corrosion products with NOM, or if 
oxidation plays also an important role. 
 
5.2 Material and methods 
5.2.1 Raw water 
Raw water used in this study was collected from a surface water reservoir, which is the source water 
for a drinking water treatment plant in Southeast Queensland, Australia. 200 L raw water were 
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collected onsite and concentrated with a lab-scale reverse osmosis system using 2.5’’ spiral wound 
reverse osmosis membrane (RO ESPA2540, Hydranautics, USA) to around 45 L (concentration 
factor of 4.44) for increased ease of storage in a cold room at 4 °C for future use. Prior to 
experimentation, the concentrate was reconstituted with deionized water obtained from a Milli-Q 
Advantage system (see section on experimental procedures for detail). 
5.2.2 Materials  
ZVI was purchased from Alfa Aesar (Guidelines) with a size of 1-2 mm and purity of 99.98% 
(metals basis). GAC (ACTICARB GA1000N) and anthracite (ACTICARB ANTHRACITE) 
particles were obtained from Activated Carbon Technologies Pty Ltd, Australia, and had a size of 
1.2-2.4 mm. Granular graphite (1-2 mm) (El Carb 100) was provided by Graphite Sales Inc., USA. 
The rough materials densities for ZVI, GAC, anthracite, and graphite were 7.14 g/cm
3
, 1.43 g/cm
3
, 
1.27 g/cm
3
/g ,and 1.28 g/cm
3
, respectively. Before use, new GAC, anthracite, and graphite were 
rinsed with Milli-Q water (Millipore Pty Ltd, USA) several times to remove impurities, and then 
dried at 100 °C overnight. After cooling down to room temperature in a drying closet, these 
particles were stored in sealed bottles for future use. 
5.2.3 Experimental procedures 
All experiments were conducted in a flow-through column reactor with a diameter of 8 mm and a 
total length of 120 mm, with a bed height of 10 mm corresponding to 0.5 cm
3
. The configuration of 
the reactor is shown in Figure 5-1.  According to former studies (Lai et al., 2012b; Ying et al., 2012), 
the enhanced-ZVI process achieved the best performance when the same volumes of ZVI and GAC 
were mixed together, so in this study a 10 mm enhanced-ZVI bed was prepared in column reactors 
by thoroughly mixing GAC and ZVI with a volumetric ratio of 1:1, corresponded to about 1.45 g 
ZVI and 0.23 g GAC. In each experiment, 90 mL of raw water concentrate were mixed with 310 
mL Milli-Q water and the initial pH was adjusted to 7.0 or 3.0 with 0.5 N H2SO4 or 0.5 N NaOH 
solutions. Then, the feed water was circulated through the bed with a flow rate of 40 mL/min for 24 
h, which corresponded to a total empty bed contact time (EBCT) of 1.8 mins over the whole 
experiment. For the enhanced-ZVI process without dissolved oxygen (DO), the DO in the feed 
water was purged by nitrogen gas bubbling before the experiment, and during the whole treatment 
process, the feed water was sparged with nitrogen gas. During the experiments, no pH adjustment 
was made (for experiments with initial pH 7.0, the pH was nearly constant during the whole 
treatment process; for experiment with initial pH 3.0, the pH increased gradually and reached 
neutral levels at the end). All experiments were conducted twice and the reported results are the 
average of these duplicates. Where error bars are reported, they typically show the lower and higher 
value of the two experiments. 
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Figure 5-1 Schematic diagram of the experiment setup. 
 
In order to determine the synergistic effect of ZVI and GAC in the enhanced-ZVI process and to 
evaluate the performance of enhanced-ZVI with different carbon cathodes, the following 
experiments were conducted in addition to the GAC-based enhanced-ZVI experiments described 
above: (i) ZVI alone, 1.45 g; (ii) GAC alone, 0.23 g; (iii) graphite alone, 0.23 g; (iv) anthracite 
alone, 0.23 g; (v) graphite-based enhanced-ZVI process, 1.45 g ZVI + 0.23 g graphite; (vi) 
anthracite-based enhanced-ZVI process, 1.45 g ZVI + 0.23 g anthracite. In these experiments, the 
same water and operational conditions were used as above, and the reported results are the average 
of duplicate experiments. 
BDOC was measured to determine the impact of enhanced-ZVI process on the NOM characteristics 
of the target water as it has been frequently reported that chemical oxidation tends to increase the 
biodegradability of organic pollutants. Because of the high BDOC content in raw water (about 5.55 
mg/L), coagulated water with a lower BDOC from the same drinking water plant was used to 
improve the analytical determination of the BDOC change. The initial pH of the coagulated water 
was adjusted to 7.0 with 0.5 N H2SO4 or 0.5 N NaOH solutions. Additionally, the graphite-based 
enhanced-ZVI process, 1.45 g ZVI + 0.23 g graphite, was applied in this case to reduce the 
adsorption capacity of the cathode so that the impact of chemical transformation by oxidation would 
be able to be observed through an eventual increase in BDOC. 400 mL of coagulated water were 
circulated through the bed for 24 h and then 300 mL sample were collected for BDOC measurement. 
The reported results are the average of triplicate experiments. 
 
Enhanced-
ZVI bed 
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5.3 Results and discussion 
5.3.1 DOC and UV254 reduction of enhanced versus conventional ZVI – variation of dissolved oxygen 
and pH 
As shown in Figure 5-2, at 7 h experimental time and beyond the advantage of GAC-based 
enhanced-ZVI over the application of ZVI or GAC alone becomes clearly evident. For ZVI alone, 
within 24 h treatment, the DOC and UV254 reduction efficiencies were 38±2% and 45±3%. For 
GAC-based enhanced-ZVI process, DOC decreased from 11.20±0.21 to 4.33±0.16 mg-C/L, while 
UV254 reduced from 0.341±0.001 to 0.104±0.006 cm
-1
 within a 24 h treatment period. The achieved 
reduction efficiencies of 61±3% and 70±2%, respectively, indicate that the addition of GAC could 
significantly improve the performance of the ZVI process. In addition, after treatment, SUVA254 
decreased from 3.05±0.06 to 2.40±0.16 L/mg-C·m, indicating that on average the aromatic 
character of the DOC was reduced. 
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Figure 5-2 Performance of GAC-based enhanced-ZVI, ZVI alone, GAC alone and GAC-based 
enhanced-ZVI without DO in reducing (a) DOC and (b) UV254 (reaction at initial pH 7.0; error bars 
represent the mean deviation of duplicate experiments). 
 
The variations of (soluble and colloidal) ferric and ferrous iron concentrations for ZVI alone and 
GAC-based enhanced-ZVI processes at different experimental times are illustrated in Figure 5-3. 
The evolution of dissolved iron concentration gives a good qualitative picture of the rate of iron 
corrosion, which is typically regarded as the rate-limiting step. For both processes, the main iron 
species was ferric, and ferrous was only measurable at 2 h and 7 h. Lakshmanan et al. (2009) 
indicated that ferrous, not ferric, was produced at iron anode oxidation during electrocoagulation, 
and the ferrous concentration decreased with increasing pH and DO concentration due to rapid 
oxidation to ferric. Since in this study, pH 7.0 was used and the feed water container was exposed to 
air, most ferrous initially produced was oxidised to ferric. With the progress of the treatment, for 
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ZVI alone process, ferric concentrations reached a peak (8.4±1.2 mg/L) at 7 h and then decreased 
gradually to 1.3±0.2 mg/L at 24 h. Iron concentration variation for GAC-based enhanced-ZVI 
process followed the same trend as ZVI alone process, but the ferric concentration peak (9.4±1.2 
mg/L) appeared much earlier at 2 h.  
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Figure 5-3 Variations of (soluble and colloidal) iron concentrations (a) ferric and (b) ferrous for 
GAC-based enhanced-ZVI, ZVI alone, GAC alone, GAC-based enhanced-ZVI without DO, 
Anthracite-based enhanced-ZVI and Graphite-based enhanced-ZVI (reaction at initial pH 7.0; error 
bars represent the mean deviation of duplicate experiments) 
 
The likely explanation for the decrease of ferric concentration is that charge equalisation of organic 
matter with dissolved ferric was achieved and coagulation and co-precipitation of ferric hydroxide 
and NOM occurred as orange flocs were observed at the end of the treatment. 
In this study, 400 mL raw water were circulated through the 0.5 cm
3
 enhanced-ZVI bed with a flow 
rate of 40 mL/min. Converting the 24 h treatment time into actual empty bed contact time (EBCT) 
for the GAC-based enhanced-ZVI bed, the EBCT was just 1.8 minutes, which is rather short 
compared to typical EBCT of 6-20 minutes for rapid filters in drinking water treatment implying 
that only minor infrastructure may be needed to integrate this novel technology.  
With regard to GAC-based enhanced-ZVI without DO, within 24 h treatment, 24±2% DOC and 
20±0% UV254 reduction were achieved, which was similar to the performance of GAC alone.  
These values were only about one-third of the GAC-based enhanced-ZVI performance, indicating 
the importance of the presence of DO during GAC-based enhanced-ZVI. DO in water affects the 
electron acceptance at the cathode and consequently accelerates the anodic iron dissolution. With 
oxygen present in the GAC-based enhanced-ZVI process, the available cathodic reaction potentials 
(0.4-1.23 V) are much higher than without oxygen (0 V), therefore, more energy was provided and 
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the iron dissolution rate was much faster (Ju and Hu, 2011). This is also confirmed by the 
measurement of dissolved and colloidal iron (Figure 5-3). 
Another potential key factor for enhanced-ZVI performance is pH. Former studies have shown that 
ZVI-based water treatment processes had better performance at lower pH (Chen et al., 2001; He et 
al., 2013; Katsoyiannis et al., 2008; Sun et al., 2006). However, in this study, similar final DOC and 
UV254 values were observed in comparative experiments with initial pH values of 3.0 and 7.0, and 
the lower pH could only improve the GAC-based enhanced-ZVI performance in the initial stage 
(Figure S5-1 and Figure S5-2). Hence, initial pH 7.0 was selected for the following experiments, 
which is also the most relevant condition for any practical applications in drinking water treatment. 
5.3.2 Synergistic effect of ZVI and GAC during GAC-based enhanced-ZVI process 
As shown in Figure 5-2, 30±2% DOC and 20±2% UV254 were reduced by GAC alone, implying 
that adsorption on GAC was certainly also contributing to the total NOM removal during the GAC-
based enhanced-ZVI process. This poses the question if the higher removal of NOM in the GAC-
based enhanced-ZVI process is merely due to the additive action of both processes, ZVI and GAC, 
or if there is a true synergy in combining both materials.  
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Figure 5-4 Cumulative reduction of (a) DOC and (b) UV254: ZVI, Anthracite-based enhanced-ZVI, 
and Graphite-based enhanced-ZVI are shown as line graphs. The sum of grey and white bar 
represents the results of the GAC-based enhanced-ZVI experiment. The white bar corresponds to 
the removal by adsorption on GAC when it was applied without ZVI. Then the grey part of the bar 
corresponds to a rough and conservative estimate of the contribution of coagulation and oxidation to 
removal in the GAC-based enhanced-ZVI process (reaction at initial pH 7.0; error bars represent the 
mean deviation of duplicate experiments). 
 
In Figure 5-4 the sum of grey and white bars represent the results of the GAC-based enhanced-ZVI 
process. The white bar corresponds to the removal by adsorption on GAC when it was applied 
without ZVI. The grey part of the bar then corresponds to a rough estimate of the contribution of 
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coagulation and oxidation to the removal in the GAC-based enhanced-ZVI process as triggered by 
iron corrosion. As there may be a certain overlap between the NOM molecules removed by 
adsorption on GAC and the ones removed as a consequence of iron corrosion. This is, in fact, rather 
a too low estimate of the contribution of the removal processes attributable to the effects of iron 
corrosion in the GAC-based enhanced-ZVI process. 
When comparing the grey bar (i.e. the effects attributed to iron corrosion in the GAC-based 
enhanced-ZVI process) with the DOC removal of ZVI alone in Figure 5-4a, it is obvious that the 
removal performance of the GAC-based enhanced-ZVI process is higher particularly during the 
middle phase of the experiment, most notably in the sample taken at 7h. After 24h, the DOC 
removal of ZVI alone is then in fact somewhat higher than the calculated contribution of iron 
corrosion in the GAC-based enhanced-ZVI process. This is though likely a consequence of the 
aforementioned underestimation of the iron corrosion contribution in the GAC-based enhanced-ZVI 
process by this method. 
As outlined in the previous section, this behaviour fits well with the iron concentration released into 
solution (Figure 5-3). In the GAC-based enhanced-ZVI process, the iron corrosion rate is increased, 
and therefore, coagulation and DOC removal are initiated earlier in the process. 
Previously, it was shown that the number of cathodes influenced the iron corrosion rate (Lai et al., 
2012b), and GAC particles in GAC-based enhanced-ZVI process were used as cathodes to form 
numerous galvanic cells by contacting with iron particles, which could increase the current in GAC-
based enhanced-ZVI and accelerate iron dissolution (Lai et al., 2013). In water and wastewater 
treatment, ferric salts are widely used as coagulants (Duan and Gregory, 2003). After oxidation to 
ferric iron, it may interact with NOM through complex aggregation mechanisms, including charge 
neutralization, entrapment, adsorption, and complexation to coagulate and form insoluble 
particulate aggregates (Jarvis et al., 2004) . As described above, ferric was the main iron species for 
both GAC-based enhanced-ZVI and ZVI alone processes in the presence of oxygen at near neutral 
pH. When the soluble and colloidal ferric concentration started to decrease, DOC and ferric had a 
good linear correlation in both cases (Figure S5-3). Also, for GAC-based enhanced-ZVI without 
DO, soluble and colloidal ferric concentration did not decrease (Figure 5-3), presumably not 
yielding sufficient dissolved iron to induce coagulation. As a result, its performance was similar to 
GAC alone (Figure 5-2). Hence, coagulation played an important role in the GAC-based enhanced-
ZVI and ZVI alone processes. Noubactep (2008) also indicated that adsorption and co-precipitation 
were the main mechanisms for aqueous contaminant removal in the ZVI process, whereas there 
may be a smaller contribution of oxidation reactions. 
31 
 
As coagulation is the main DOC removal mechanism, the rate of iron corrosion becomes one of the 
most important performance parameters if EBCTs are to be reduced. Accelerated iron corrosion will 
translate into a smaller filtration bed, lower contact times, and by deduction, lower cost. As the 
observed rate of DOC removal by iron corrosion and subsequent coagulation is clearly much higher 
for GAC-based enhanced-ZVI (corrected for GAC absorption, see Figure 5-4a) than for ZVI alone, 
it is fair to speak of a true synergy that arises from the joint application of ZVI and GAC as carbon 
cathode. If EBCTs are increased, the absolute DOC removal by coagulation is though similar for 
enhanced and non-enhanced ZVI process as only a limited share of the NOM present in surface 
water is amenable to removal by coagulation, which is intrinsically related to the chemical 
characteristics of the NOM. 
5.3.3 The performance of enhanced-ZVI with different carbon cathodes 
Since the adsorption sites for GAC are limited, these sites will be saturated with organic matter over 
longer operating times. At that stage, GAC adsorption would be minor and GAC would mainly 
serve as an electrode in the enhanced-ZVI system. To investigate if other carbon materials could 
also be used as electrodes, two additional experiments were conducted, in which graphite and 
anthracite, respectively, were used as cathode for enhanced-ZVI. Graphite and anthracite are neither 
able to reduce DOC nor UV254 by adsorption on the carbon surface in a significant manner (Figure 
S5-4). Hence, the removal mechanisms for NOM in these enhanced-ZVI systems can be assumed to 
be the same as for ZVI alone, i.e. coagulation and oxidation. 
During the first 2 h of the experiment (Figure 5-4), the three enhanced-ZVI systems had similar 
DOC removal performance. At 7 h, the graphite-based enhanced-ZVI, similarly to the GAC-based 
enhanced-ZVI, had reduced considerably more DOC than the anthracite-based enhanced-ZVI or 
ZVI alone, whereas, after 24 h, the amounts of DOC removed by graphite-based enhanced-ZVI, 
anthracite-based enhanced-ZVI and ZVI alone were similar. Again, as for the GAC-based 
enhanced-ZVI process, this behaviour was well reflected in the changes of dissolved and colloidal 
iron in solution (Figure 5-3). 
The different kinetics of DOC and UV254 reduction for graphite-based enhanced-ZVI and 
anthracite-based enhanced-ZVI may result from the different conductivities of these two materials 
(Celzard et al., 2002). Graphite has at least similar conductivity as GAC so that graphite could be a 
very effective cathode in the enhanced-ZVI process. Discounting the adsorption of GAC, the 
graphite-based enhanced-ZVI and GAC-based enhanced-ZVI had comparable performances, 
indicating that alternative carbon materials with high conductivity could also be used in enhanced-
ZVI as cathodes. 
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For anthracite, it is a poorly conductive material and the electrons produced at the iron anode are 
not easily transferred to the anthracite cathode, hence, anthracite addition could not improve the 
iron dissolution rate significantly. In fact, the anthracite-based enhanced-ZVI process and the ZVI 
alone process achieve almost identical DOC removal throughout the whole treatment time (Figure 
5-4a). This would imply that anthracite is a mostly inactive filling material in the bed and the 
application of low electrical conductivity carbon materials may, in fact, provide little or no 
additional benefit. 
However, if we compare UV254 reduction the same way as DOC (Figure 5-4b), enhanced-ZVI with 
different carbon cathodes could always reduce UV254 faster than ZVI alone in the first 12 h, with the 
removal rates of graphite-based enhanced-ZVI > GAC-based enhanced-ZVI > anthracite-based 
enhanced-ZVI > ZVI alone. Even for anthracite-based enhanced-ZVI, 34±2% UV254 reduction 
occurred over the first 12 h, which is higher than ZVI alone (20±5%). 
Accordingly, SUVA254 decreased from 3.05±0.08 to 2.71±0.11 L/mg-C·m for anthracite-based 
enhanced-ZVI, but there is no significant change of SUVA254 for ZVI alone (from 3.09±0.04 to 
3.21±0.31 L/mg-C·m). SUVA254 is used to indicate the aromatic content of NOM. Activated 
aromatic structures (aromatic sites substituted with oxygen- and nitrogen-containing functional 
groups, i.e., phenolics and aromatic amines) are the primary sites attacked by chlorine or other 
oxidants (Kitis et al., 2001a; Reckhow et al., 1990). Therefore, NOM with high SUVA254 is more 
likely to form disinfection by-products (DBPs) (Edzwald et al., 1985; Najm et al., 1994). Since 
anthracite is much cheaper than GAC or graphite, for water utilities mainly concerned with the 
reduction of DBPs, it is a potential option as a cathode material in the enhanced-ZVI process.  
The reason why and how enhanced-ZVI could reduce UV254 faster at the initial stage, even with 
poorly conductive cathode material, cannot be deduced from the experiments presented thus far. 
The main question is whether this additional reduction was rather due to coagulation or oxidation 
processes. 
5.3.4 Oxidation and change of NOM characteristics in enhanced-ZVI treatment 
As discussed in the prior sections, the main removal mechanisms for NOM in the enhanced-ZVI 
process include coagulation following iron corrosion, adsorption on GAC, and perhaps oxidation. 
The results presented so far show clearly the contribution of the first two mechanisms, but no clear 
experimental evidence was obtained to indicate the participation of oxidation despite the observed 
changes in UV absorbance. 
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It has been reported that after treatment with advanced oxidation processes the molecular weight 
distribution (MWD) of NOM shifted towards lower molecular weight compounds (Matilainen and 
Sillanpää, 2010). Smaller and more oxidised molecules also tend to be more amenable to 
biodegradation, because smaller compounds are easily transported across the cell membranes and 
attacked by metabolic enzymes (Goel et al., 1995).  
We decided to try to provide experimental evidence for oxidation via two ways. First, we measured 
the molecular weight distribution with size exclusion chromatography coupled to organic carbon 
detection. Second, we aimed to evidence the transformation of NOM by measuring a hypothesized 
increase of biodegradable dissolved organic carbon (BDOC) as a consequence of oxidation.  
One of the main problems masking a potential contribution of oxidation in the previous experiments 
was the strong effects attributable to coagulation and adsorption. We decided to circumvent this by 
eliminating them as much as possible. Consequently, we conducted the enhanced-ZVI experiment 
with graphite instead of GAC as a cathode to eliminate adsorption (Figure S5-4). To avoid 
coagulation being an important factor we exchanged in these experiments the raw drinking water 
with water that had already been coagulated in the drinking water treatment plant operating on the 
same water source. The other experimental conditions were maintained. 
Table 5-1 shows that BDOC increased from 0.43±0.09 mg-C/L to 0.70±0.12 mg-C/L within the 
enhanced-ZVI treatment, with the increase being statistically significant with a confidence level 
greater than 90% (p=0.058), indicating that enhanced-ZVI could improve the biodegradability to 
some extent. The slight increase of BDOC by the enhanced-ZVI treatment corroborates with a 
minor generation of low molecular weight neutrals as evidenced by size exclusion chromatography 
(Figure 5-5).  
Hence, all two methods applied confirmed that oxidation does take place, potentially including 
some formation of hydroxyl radicals, although its contribution to overall NOM removal on an 
uncoagulated drinking water source may be minor. It is though important to know that 
biodegradable organic matter may be formed. 
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Figure 5-5 Size exclusion chromatography with UV and OCD detectors before and after Enhanced-
ZVI treatment (A=Biopolymers; B=Humic substances; C=Building blocks; D=Low molecular 
weight acids; E=Low molecular weight neutrals) 
 
Table 5-1 Characteristics of the coagulated water before and after enhanced-ZVI treatment. Mean 
deviations of triplicate experiments. Enhanced-ZVI treatment with graphite as a cathode; initial pH 7.  
 Coagulated water After enhanced-ZVI 
DOC (mg-C/L) 4.86±0.00 4.51±0.08 
UV254 (cm
-1
) 0.095±0.001 0.082±0.001 
SUVA254 (L/mg-C·m) 1.94±0.01 1.82±0.05 
BDOC (mg-C/L) 0.43±0.09 0.70±0.12 
 
In regards to a mechanistic interpretation of these results, according to (Eq.1) and (Eq.5), the 
ferrous produced at the anode and the H2O2 produced at the cathode are the major chemicals 
involved in Fenton reactions. Ferrous iron is constantly dissolving into solution due to iron 
corrosion, therefore, it is not likely the controlling reagent for the Fenton-like reactions in the 
enhanced-ZVI process. To produce H2O2, the cathode reaction should follow the reaction in (Eq.5), 
but with our experimental set-up, it was not possible to determine the extent to which this reaction 
was occurring. Ferrous iron and H2O2 react rapidly (Pignatello et al., 2006) eventually destroying 
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any generated H2O2 and impeding the direct measurement of its production. Ying et al. (2012) and 
Huang et al. (2015) had stated that the inadequate generation of H2O2 limited the oxidation 
reactions in enhanced-ZVI process, and the addition of H2O2 could improve the performance for 
contaminants removal. Hence, low H2O2 production may limit the extent to which advanced 
oxidation occurs in the enhanced-ZVI process for this study as well. In addition, former studies 
indicated that the oxidation efficiency of the Fenton reaction was strongly affected by pH and the 
most effective oxidation occurred below pH 4.0 (Kang and Hwang, 2000). Under neutral pH 
conditions, hydroxyl radicals are not the only oxidant produced by Fenton-like reactions and other 
oxidants, such as ferryl ions, may play a dominant role (Keenan and Sedlak, 2008; Vermilyea and 
Voelker, 2009). Ferryl ions are more selective in the reactions with organic compounds than 
hydroxyl radicals (Jacobsen et al., 1998), and while aromatic compounds can be hydroxylated by 
reactions with hydroxyl radicals, the oxidizing potential of the ferryl ion is not sufficient for such 
reactions (Vermilyea and Voelker, 2009).  
 
5.4 Conclusions 
From the results obtained in this chapter, the following conclusions can be drawn: 
 GAC could significantly improve the performance of the ZVI process and has two roles: (1) 
contributing to the overall removal of impurities by adsorption; (Drewes et al.) increasing 
iron corrosion and triggering effective coagulation. With the addition of GAC as a cathode, 
the enhanced-ZVI process can also be carried out at pH 7 without performance losses, 
whereas ZVI application alone is more efficient at acidic pH.  
 Dissolved oxygen proved to be vital as an electron acceptor in the enhanced-ZVI. In its 
absence, the process of iron corrosion was severely decelerated. However, the demand for 
electron acceptor capacity in a drinking water may be sufficiently low so that no additional 
aeration is required to treat initially oxygenated raw water. 
 On raw drinking water sources with NOM prone to coagulation, coagulation and adsorption 
are the dominating NOM removal mechanisms. Adsorption on GAC may become less 
important as saturation occurs. 
 Oxidation was shown to occur as well, although its contribution to NOM removal was 
considerably lower than the coagulation mechanism. Conversion of non-biodegradable into 
biodegradable organic matter was observed. 
 Since GAC is pricey and its adsorption capacity would eventually be saturated over time, 
other non-sorptive carbon cathodes were tested. Graphite, likely due to its high electrical 
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conductivity, substantially outperformed anthracite. Graphite even compared favourably to 
GAC as cathode materials promoting even faster iron corrosion, NOM and UV absorbance 
removal at short contact times. 
 In summary, substantial NOM removal (up to around 61% DOC) could be achieved with an 
EBCT of only 1.8 minutes. In fact, substantial removal occurred in the ZVI processes 
enhanced with GAC or graphite already after around 0.5 minutes of empty bed contact time. 
This suggests that the infrastructure needed to provide pretreatment for a drinking water 
treatment may be minor in dimension and cost when flow-through enhanced-ZVI filters 
were used in practical application, providing a reduction of coagulant cost, pre-filtration, 
and perhaps some disinfection. Long-term experiments should be conducted to evaluate this 
option further studying also other water quality parameters beyond NOM removal only. The 
potential effect of residual dissolved iron in any downstream processes should also be 
considered. 
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5.5 Supplementary information 
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Figure S5-1 Performance of GAC-based enhanced-ZVI, ZVI alone, GAC alone and GAC-based 
enhanced-ZVI without DO in reducing (a) DOC and (b) UV254 (reaction at initial pH 3.0; error bars 
represent the mean deviation of duplicate experiments). 
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Figure S5-2 Variations of (soluble and colloidal) iron concentrations (a) ferric and (b) ferrous for 
GAC-based enhanced ZVI, ZVI alone, GAC alone, GAC-based enhanced-ZVI without DO 
(reaction at initial pH 3.0; error bars represent the mean deviation of duplicate experiments) 
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Figure S5-3 Linear correlation between DOC concentration and ferric concentration for (a) GAC-
based enhanced-ZVI and (b) ZVI alone 
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Figure S5-4 (a) DOC and (b) UV254 in the presence of anthracite and graphite alone (reaction at 
initial pH 7.0; error bars represent the mean deviation of duplicate experiments). 
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6. The long-term performance of enhanced-ZVI for drinking water treatment 
 
6.1 Introduction 
The previous chapter has demonstrated that enhanced-ZVI process was able to remove NOM 
substantially. The results showed that within 24 h treatment of enhanced-ZVI (corresponding to 
only 1.8 mins of empty bed contact time (EBCT)), DOC decreased from 11.20±0.21 to 4.33±0.16 
mg-C/L, while UV254 reduced from 0.341±0.001 to 0.104±0.006 cm
-1
, corresponding to reduction 
efficiencies of 61±3% and 70±2%, respectively. But, in that study, the enhanced-ZVI filters were 
operated in a batch recirculation mode, which does not mimic realistic field conditions. Also, the 
long-term performance of enhanced-ZVI bed could not be obtained based on those batch 
experiments. Therefore, the objective of the work reported in the present chapter was to study the 
long-term performance of enhanced-ZVI operated with a once flow-through mode. In addition, 
former studies have shown that enhanced-ZVI could improve the biodegradability of treated water 
(Cheng et al., 2007; Lai et al., 2012a; Liu et al., 2016b; Wang et al., 2009; Yang, 2009), thus, the 
synergistic effect between enhanced-ZVI and biodegradation for drinking water treatment in a long-
term running was investigated as well. 
 
6.2 Materials and methods 
6.2.1 Raw water 
Raw water was collected from the same WTP as described in 5.2.1. The concentration of raw water 
and the preparation of feed water followed the same method used in 5.2.1 as well. For this 
experiment, 400 L raw water was collected and concentrated to around 45 L (concentration factor of 
8.88). The initial DOC and UV254 for the raw water were 9.32 ±0.24 mg/L and 0.243±0.008 cm
-1
, 
respectively. 
6.2.2 Enhanced-ZVI Materials  
ZVI and GAC used in this experiment are the same as described in 5.2.2. 
6.2.3 Experimental procedures 
All experiments were conducted in lab-scale columns with a diameter of 8 mm and a total length of 
120 mm. According to previous studies (Lai et al., 2012b; Ying et al., 2012), enhanced-ZVI 
achieved the best performance when the volumetric ratio of ZVI to GAC was 1:1. Hence, the same 
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volumes of ZVI and GAC were thoroughly mixed first and then transferred to the column reactors. 
For 1 cm length enhanced-ZVI bed, about 1.45 g ZVI and 0.23 g GAC were used. 
6.2.3.1 The impact of EBCT and flow rate on the performance of enhanced-ZVI and the synergy between 
enhanced-ZVI and biofiltration 
To determine the impact of flow rate on the performance of enhanced-ZVI as well as the synergy 
between enhanced-ZVI and biofiltration, 10 control columns were used in this study (column 1-10 
in Table 6-1 and Figure S6-1). For biofilters, the same columns (120 mm × 8 mm) were used and 
bioactive anthracite collected from a rapid sand filter in a local water treatment plant (WTP) was 
used as media. Following the operational conditions in the WTP, 6 mins EBCT was used for the 
biofilters. 
Table 6-1 Operational conditions for different columns 
Column 
number 
1 2 3 4 5 6 7 8 9 10 11 12 
Flow rate 
1.39 
mL/min 
 
0.28  
mL/min 
 
1.39 
mL/min 
 
0.28 
mL/min 
 
0.28 
mL/min 
 
0.28 
mL/min 
 
Enhanced- 
ZVI bed 
length 
 
1 cm 
 
1 cm 
 
5 cm 5 cm - 
 
1 cm 
 
Enhanced-
ZVI EBCT  
 
 
0.36 mins 
 
1.8 mins 1.8 mins 
 
9 mins 
 
- 
 
1.8 mins 
 
Biofilter 
length 
- 
16.6 
cm 
- 
3.3 
cm 
- - - - - 3.3 cm 
 
3.3  
cm 
 
Biofilter 
EBCT 
- 
6 
mins 
- 
6 
mins 
- - - - - 6 mins 
 
6  
mins 
 
 
Due to the scale of the experiments, it is impractical to conduct all the measurements with water 
sample collected with 1-bed volumes filtration. Therefore, at each sampling point, 100-bed volumes 
of effluent was collected. For example, for the sampling point at 1,000-bed volumes, the effluent of 
each column was continually collected from 900 to 1,000-bed volumes. Because the effluent of the 
biofilter was collected first for columns 2 and 4, samples for enhanced-ZVI column in these two 
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columns were 100-bed volumes later than the duplicated or triplicate columns at each sampling 
point. For example, for column 2, the effluent of the biofilter was collected from 900 to 1,000-bed 
volumes, defining as sample for the biofilter at sampling point of 1,000-bed volumes, while the 
effluent of corresponding enhanced-ZVI column was collected from 1,000 to 1,100-bed volumes to 
be used as a sample at sampling point of 1,000-bed volumes for enhanced-ZVI. As later shown, this 
100-bed volumes difference did not have a significant impact on the result and the validity of this 
procedure was verified by the reproducibility of the duplicated columns. 
Feed water was prepared daily and the initial pH was adjusted to 7.0 with 0.5 N H2SO4 or 0.5 N 
NaOH. A ten channels peristaltic pump (Watson Marlow 323, Australia) was used to pump water 
into the columns and the different flow rates were regulated by using pumping tubings of different 
sizes. 
6.2.3.2 Regeneration of passivated enhanced-ZVI bed 
After 30,000-bed volumes filtration, enhanced-ZVI beds from columns 3, 4, and 5 were regenerated 
with 12 mL of 1 M HCl, 1 M HNO3, and 0.5 M H2SO4, respectively. The results in Figure S6-2 
showed that H2SO4 could recover the enhanced-ZVI’s removal capacity for NOM better, and thus 
was selected for subsequent experiments. A former study has proved that oxalic acid was effective 
in dissolving iron oxide by complexing with iron (Panias et al., 1996). To determine which acid was 
preferable, two control columns were used (column 11 and 12 in Table 6-1) in the long-term 
regeneration experiments. The passivated enhanced-ZVI bed was regenerated with acid after each 
10,000-bed volumes filtration. Totally, 40,000-bed volumes filtration and three regenerations were 
conducted for these two columns. For each regeneration, freshly prepared 12 mL of 0.5 M H2SO4 
(column 11) or oxalic acid (column 12) was circulated through the enhanced-ZVI bed at a flow rate 
of 0.28 mL/min for 100-bed volumes, during which the valve between enhanced-ZVI column and 
the biofilter was closed to prevent the potentially harmful effects of acid on biomass. After 
regeneration, the ‘waste acid’ was collected and normal feed water was pumped through the 
enhanced-ZVI bed at a flow rate of 1.4 mL/min to flush out the residual acids. When the effluent 
pH increased to 7.0, the whole setup was operated with the conditions described in Table 6-1. 
6.2.4 Calculation of DOC and UV254 removal efficiencies 
The absolute DOC or UV254 values at all sampling points for both raw water and the effluent of a 
certain column were plotted with line-symbol charts, and the area under the curve was calculated 
using software Origin Pro.8.5. The removal efficiency was calculated by the following equation.  
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑦 =  
𝐴𝑟𝑒𝑎𝑟𝑎𝑤 𝑤𝑎𝑡𝑒𝑟−𝐴𝑟𝑒𝑎𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟
𝐴𝑟𝑒𝑎𝑟𝑎𝑤 𝑤𝑎𝑡𝑒𝑟
× 100%                                                   (Eq.8) 
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Since DOC or UV254 removal rate changed during the long-term operation of enhanced-ZVI 
columns (as shown in the following sections), the calculated removal efficiency was actually the 
average value during a certain period of filtration. 
 
6.3 Results and discussion 
6.3.1 The impact of EBCT and flow rate on the performance of enhanced-ZVI  
As shown in Figure 6-1, both EBCT and flow rate affect the performance of enhanced-ZVI. For 1 
cm enhanced-ZVI bed, when a 1.8 mins EBCT was used, 3.36±0.36 mg/L DOC and 0.086±0.033 
cm
-1
 UV254 could be removed after 100-bed volumes filtration, while only 1.44±0.03 mg/L DOC 
and 0.025±0.007 cm
-1
 UV254 were removed with a shorter EBCT (0.36 mins). With the continuing 
of the experiments, although the enhanced-ZVI columns with 1.8 mins EBCT always had better 
performance, especially for UV254 reduction, the difference narrowed down. After 10,000-bed 
volumes filtration, the difference between enhanced-ZVI with different EBCTs became 
insignificant, and only about 0.5 mg/L DOC and 0.010 cm
-1
 UV254 were removed, indicating the 
passivation of enhanced-ZVI bed caused by the precipitation of iron. For 5 cm enhanced-ZVI bed, a 
similar trend was observed. After 100-bed volumes filtration, 4.25±0.18 mg/L DOC and 
0.109±0.013 cm
-1
 UV254 were removed by enhanced-ZVI columns with EBCT of 1.8 mins, while 
5.52±0.57 mg/L DOC and 0.160±0.014 cm UV254 reductions were achieved when a longer EBCT 
(9 mins) was used. The superiority of enhanced-ZVI columns with 9 mins EBCT existed until after 
5,000-bed volumes filtration, beyond which no data was collected. In general, when the similar 
length of bed was used, enhanced-ZVI with longer EBCT had better performance, which might be 
related to the better involvement of NOM in the electrolysis reactions and GAC adsorption (Wang 
et al., 2009; Ying et al., 2012). Furthermore, for columns with the same EBCT (1.8 mins), the 
longer the reactive bed the better the performance of enhanced-ZVI. When a long enhanced-ZVI 
bed was used, in order to have the target EBCT, a higher flow rate should be applied so that more 
shear would be imposed on GAC or ZVI to reduce the boundary layer film, and as a result, NOM 
was much easier to be contacted and removed by GAC or ZVI (Shanmuganathan et al., 2014).  
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Figure 6-1 The removal of (a) DOC and (b) UV254 for enhanced-ZVI with different EBCTs (for 
EBCT=0.36 mins (1 cm bed) the error bars represented the mean deviation of columns 1 and 2; for 
EBCT=1.8 mins (1 cm bed) the error bars represented the mean deviation of columns 3, 4 and 5; for 
EBCT=1.8 mins (5 cm bed) the error bars represented the mean deviation of columns 6 and 7; for 
EBCT=9 mins (5 cm bed) the error bars represented the mean deviation of columns 8 and 9).             
 
In the previous batch experiments of Liu et al. (2016b), 61% DOC and 70% UV254 were removed 
when 400 mL water was treated with a 1 cm enhanced-ZVI bed for 24 h, which corresponded to 
800-bed volumes filtration of an enhanced-ZVI column with 1.8 mins EBCT. However, in this 
study, even for the column with 5 cm enhanced-ZVI bed and 1.8 mins EBCT, only 29% DOC and 
29% UV254 were removed with the first 1,000-bed volumes filtration (Table S6-1 and Table S6-2). 
Considering the different operational modes, this difference could be explained by the following 
reasons. Firstly, in the batch experiments, a much higher flow rate was used (about 40 mL/min), 
which could promote the mass transfer of organic matter to GAC or ZVI surface. Secondly, in the 
batch experiments, coagulation had been proved to play an important role in NOM removal (Liu et 
al., 2016b). Coagulation would not happen until a certain amount of negatively charged compounds 
were neutralized (Edzwald, 1993; Matilainen et al., 2010). Thus, the relatively less iron dissolution 
(as shown in Figure 6-3) in this study might not be enough to trigger an effective coagulation and 
hence render coagulation insignificant under the flow-through operation mode.  
6.3.2 The improvement of biofiltration by enhanced-ZVI  
In order to determine the synergistic effect between enhanced-ZVI and biodegradation, a biofilter 
was added after the enhanced-ZVI columns for columns of 2 and 4. As shown in Figure 6-2, when a 
0.36 mins EBCT enhanced-ZVI was used, although the subsequent biofiltration removed more 
DOC and UV254 than the biofiltration alone process during the first 1,000-bed volumes filtration, 
the performance improvement was insignificant along the whole 30,000-bed volumes filtration 
(p=0.270 for DOC removal and p=0.242 for UV254 removal). However, when the EBCT of 
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enhanced-ZVI increased to 1.8 mins, the subsequent biofiltration always removed more DOC and 
UV254 than biofiltration alone process during the 30,000-bed volumes filtration (p=0.039 for DOC 
removal and p=0.047 for UV254 removal).  
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Figure 6-2 The removal of DOC and UV254 for, enhanced-ZVI (EBCT=1.8 min),  combined 
biofiltration (after enhanced-ZVI) and biofiltration alone (for (a) and (b), the data was from 
columns 2 and 10; for (c) and (d) the data was from column 4 and 10). 
 
Former studies have shown that oxidants produced during enhanced-ZVI process could improve the 
biodegradability of organic matter to some extent, which was beneficial for the subsequent bio-
treatment (Cheng et al., 2007; Lai et al., 2012a; Liu et al., 2016b). As shown in the SEC-UV-OCD 
(Figure S6-3), after the treatment with 1.8 mins EBCT enhanced-ZVI, new peaks appeared in the 
low molecular weight acids and low molecular weight neutrals fractions zones, indicating that a 
certain extent of oxidation occurred (Matilainen and Sillanpää, 2010). Smaller and more oxidised 
molecules are more amenable to biodegradation due to their easy transportation across the cell 
membranes and susceptibility to being attacked by metabolic enzymes (Goel et al., 1995). Thus, the 
better performance of biofiltration following the 1.8 mins EBCT enhanced-ZVI could be ascribed to 
more biodegradable compounds formation during the advanced oxidation reactions taking place 
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during enhanced-ZVI process.  However, when a 0.36 mins EBCT enhanced-ZVI was used, no new 
peak was observed in small molecular fractions’ zones (Figure S6-3), indicating the insignificance 
of oxidation during this process.  
Moreover, Figure 6-3 shows that when the effluent of enhanced-ZVI column passes through the 
biofilter, the concentration of dissolved and colloidal ferric decreases, implying the precipitation of 
ferric in the biofilter. With the aging of the precipitated iron, ferric changed from amorphous ferric 
hydroxide to crystalline ferric oxide (Grundl and Delwiche, 1993), both of which were proved to 
have the capacity of adsorbing NOM (Gu et al., 1995; Matilainen et al., 2010). Similarly, the results 
from a control experiment (Text S6-1) confirmed that in this study adsorption by the precipitated 
ferric contributed to the improved NOM removal of biofilters as well.   
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Figure 6-3 The change of ferric concentration after enhanced-ZVI and enhanced-ZVI+biofiltration 
(for (a), the data was from column 2; for (b), the data was from column 4)). 
 
6.3.3 Regeneration of passivated enhanced-ZVI bed 
As mentioned above, after 10,000-bed volumes filtration, the enhanced-ZVI bed became passivated, 
and as a result, only limited DOC and UV254 were removed. Precipitation of iron resulted in the 
blocking of the filter bed and the increase of pressure loss during filtration process (Ruhl et al., 
2013). Therefore, in order to maintain the good performance of enhanced-ZVI and reduce the bed 
clogging, regeneration of enhanced-ZVI bed is necessary. As shown in Figure 6-4 and Figure S6-5, 
after 10,000 beds volumes filtration, only 0.5 mg/L DOC and 0.02 cm
-1
 UV254 were removed by 
enhanced-ZVI. However, after the bed regeneration with 0.5 M H2SO4 solution, the removal 
performance of enhanced-ZVI column for DOC and UV254 increased to 1.0 mg/L and 0.05 cm
-1
, 
respectively. 
46 
 
0 5000 10000
0
1
2
3
4
0 5000 10000 0 5000 10000 0 5000 10000
 
D
O
C
 r
e
m
o
v
e
d
 (
m
g
/L
)
(a)
 
Bed volumes
 Enhanced-ZVI (EBCT=1.8 min)+biofiltration
 Enhanced-ZVI (EBCT=1.8 min)
 
 
 
 
 
0 5000 10000
-8
-6
-4
-2
0
2
4
0 5000 10000 0 5000 10000 0 5000 10000
 
 
D
O
C
 r
e
m
o
v
e
d
 (
m
g
/L
)
(b)
 Enhanced-ZVI (EBCT=1.8 min)+biofiltration
 Enhanced-ZVI (EBCT=1.8 min)
 
Bed volumes
 
 
 
 
 
 
Figure 6-4 The long-term performance of enhanced-ZVI and enhanced-ZVI+biofiltration in 
removing DOC after regenerating enhanced-ZVI beds with (a) 0.5 M H2SO4; (b) 0.5 M oxalic acid 
(for (a), the data was from column 11; for (b) the data was from column 12; dash line indicated the 
regeneration of enhanced-ZVI bed). 
 
Figure 6-2(a) shows that from 10,000 to 30,000-bed volumes, the DOC removed by enhanced-
ZVI+biofiltration process decreases from 1.37 to 0.96 mg/L gradually. However, after the 
regeneration of enhanced-ZVI bed with 0.5 M H2SO4 solution (Figure 6-4 (a)), even at 40,000-bed 
volumes, about 1.5 mg/L DOC removal is still maintained. As discussed above, since adsorption by 
precipitated ferric contributed to the overall NOM removal in biofilters, the continual precipitation 
of ferric into the biofilters after enhanced-ZVI bed’s regeneration (as shown in Figure S6-6) would 
provide additional adsorption sites for NOM, and therefore, maintain the good performance of 
biofilters as well. 
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When oxalic acid was used to regenerate the passivated enhanced-ZVI bed, no DOC removal 
occurred in enhanced-ZVI column for the first 3,000-bed volumes filtration following the 
regeneration, during which the DOC concentration of enhanced-ZVI column’s effluent was even 
higher than that of raw water due to the release of complexed oxalic acid from enhanced-ZVI bed. 
However, the released organic matter could be further utilised by the subsequent biofiltration, 
leading to the similar DOC removal to when H2SO4 was used for regeneration. 
Although both acids could be used to regenerate the passivated enhanced-ZVI bed, for practical 
application, H2SO4 should be a better option. Firstly, when using oxalic acid, there is a potential 
risk that the released organic matter from enhanced-ZVI bed would pass on to the subsequent 
treatment processes, and may produce more disinfection by-products. Secondly, usage of oxalic 
acid during drinking water production would require a permission from the water quality authorities 
and the acceptance of the public. Finally, the price of oxalic acid is much higher than that of H2SO4 
(www.alibaba.com). 
6.3.4 Potential benefits and application  
Although enhanced-ZVI has been reported to alleviate the passivation of ZVI grains through faster 
dissolution (Guan et al., 2015), as discussed above, some passivation still happened after certain bed 
volumes operation. However, acid could effectively remove the passivation layer, regenerate the 
enhanced-ZVI bed, and recover the removal capacity of enhanced-ZVI for NOM. From this point-
of-view, enhanced-ZVI with periodical regeneration is an effective way to fully utilise ZVI. To 
apply this technology to drinking water treatment process, besides subsequent biofiltration, further 
coagulation/filtration may still be needed to guarantee adequate removal of contaminants. Also, the 
potentially existed iron in the effluent of the biofilter could be further removed in the coagulation 
step, which would reduce the impact of iron on water quality. In addition, ferric or aluminium salts 
are commonly used as coagulants in drinking water treatment process (Matilainen et al., 2010) and 
the dissolved iron in the acid could be used as a supplement coagulant to reduce the cost of 
subsequent coagulation as well. Therefore, a water treatment train incorporating enhanced-ZVI was 
proposed in Figure 6-5. 
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Figure 6-5 The proposed drinking water treatment train incorporating enhanced-ZVI. 
 
To evaluate the performance of enhanced-ZVI+biofiltration in treating different source waters as 
well as the feasibility of the proposed water treatment train in Figure 6-5, one preliminary test with 
a low NOM content raw water (DOC and UV254 of 4.47±0.16 mg/L and 0.123±0.007 cm
-1
) was 
conducted. As shown in Figure 6-6, the enhanced-ZVI+biofiltration process also removes NOM 
effectively for this relatively clean source water, with average DOC and UV254 removal efficiencies 
of 22% and 37% during 10,000-bed volumes filtration (Tables S6-1 and S6-2). 
0 2000 4000 6000 8000 10000
0.0
0.5
1.0
1.5
2.0
 
 Enhanced-ZVI(EBCT=1.8 min)
          +biofiltration
 Enhanced-ZVI(EBCT=1.8 min)
 Biofiltration
D
O
C
 r
e
m
o
v
e
d
 (
m
g
/L
)
Bed volumes
(a)
0 2000 4000 6000 8000 10000
0.02
0.04
0.06
0.08
0.10
 
 Enhanced-ZVI(EBCT=1.8 min)
         +biofiltration
 Enhanced-ZVI(EBCT=1.8 min)
 Biofiltration
U
V
2
5
4
 (
c
m
-1
) 
Bed volumes
(b)
 
Figure 6-6 The performance of enhanced-ZVI and enhanced-ZVI+biofiltration in removing (a) 
DOC and (b) UV254 for source water with low organic matter content (error bars represent the mean 
deviation of duplicate experiments). 
 
In addition, compared with direct coagulation, the proposed water treatment train saves 60% 
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UV254 removal was achieved (Figure 6-7). Accordingly, more SUVA254 reduction occurred 
(2.47±0.15 versus 3.02±0.12 L/mg-C·m). SUVA254 is used to indicate the aromatic content of NOM 
and activated aromatic structures (aromatic sites substituted with oxygen- and nitrogen-containing 
functional columns, i.e., phenolics and aromatic amines), which are the primary sites attacked by 
chlorine or other oxidants (Kitis et al., 2001a; Reckhow et al., 1990). Therefore, NOM with high 
SUVA254 is more likely to form disinfection by-products (DBPs) (Edzwald et al., 1985; Najm et al., 
1994). For water utilities mainly concerned with the reduction of DBPs, the enhanced-ZVI based 
treatment train is evidently superior to traditional coagulation.  
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Figure 6-7 The performance of different treatment processes in removing (a) DOC and (b) UV254 
(error bars represent the mean deviation of duplicate experiments). 
 
In terms of practical application, the enhanced-ZVI reactors could be constructed into several 
parallel filters, and each of them is in the different ZVI-aging state to make sure enough water could 
still be produced during the regeneration of some filters. But before application, a detailed cost-
benefit analysis should be conducted to determine if the new treatment train has obvious economic 
advantages over traditional coagulation process. For the low NOM source water used in this study, 
the consumption of consumables during enhanced-ZVI related process was lower than that used in 
the traditional coagulation process (save $11/1000 m
3
 drinking water), making the new treatment 
train economically feasible. Also, the acid dose used for regeneration in Text S6-2 was empirical. 
An optimised acid dose or some on-site production of acid might further reduce the total cost of 
enhanced-ZVI process. Moreover, the adsorption of micropollutants by GAC (Luo et al., 2014) and 
the removal of pathogens (Shi et al., 2012) and subsequent saving in disinfectants may also add 
credits to the enhanced-ZVI incorporated treatment train. 
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6.4 Conclusion  
 Extending EBCT and/or filtration bed length could improve the overall performance of 
enhanced-ZVI, but after 10,000-bed volumes filtration, the enhanced-ZVI bed became 
passivated under all conditions. 
 Compared with direct biofiltration, the biofiltration following a 1.8 mins EBCT enhanced-
ZVI had better performance due to the formation of biodegradable organic matters during 
enhanced-ZVI process and the precipitation of iron in the biofilter.   
 Both H2SO4 and oxalic acid could be used to regenerate passivated enhanced-ZVI bed and 
recover the capacity of enhanced-ZVI in removing NOM, but from an application point-of-
view, H2SO4 was a better option. 
 The enhanced-ZVI with periodical regeneration could be an effective way to fully utilise 
ZVI. A new drinking water treatment train incorporating enhanced-ZVI was proposed. The 
results from a preliminary test proved that, for a raw water we used, the proposed treatment 
train achieved better removal of NOM than the traditional coagulation process, but with less 
cost for consumables.  
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6.5 Supplementary information 
 
 
Figure S6-1 Schematic diagram of the experiment setup. 
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Figure S6-2 The removal of (a) DOC and (b) UV254 for enhanced-ZVI after regenerating with 
different acids. 
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Figure S6-3 Size exclusion chromatography with UV and OCD detectors before and after 
enhanced-ZVI (a) 0.36 mins EBCT enhanced-ZVI at 1500-bed volumes filtration and (b) 1.8 mins 
EBCT enhanced-ZVI at 5,000-bed volumes filtration (A=Biopolymers; B=Humic substances; 
C=Building blocks; D=Low molecular weight acids; E=Low molecular weight neutrals). 
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Table S6-1 The calculated average DOC removal efficiency. 
 Area under the curve 
for enhanced-ZVI or 
enhanced-
ZVI+biofiltration 
(min·mg/L) 
Area under the curve 
for raw water 
(min·mg/L) 
Removal efficiency 
Average DOC removal 
efficiency after 1,000 
bed volumes filtration 
for enhanced-ZVI with 
5 cm bed and 1.8 mins 
EBCT (data from 
columns 6 and7) 
5,800 8,199 29% 
Average DOC removal 
efficiency after 10,000 
bed volumes filtration 
for enhanced-
ZVI+biofiltration in 
treating low NOM raw 
water (data from 
columns 15 and 16, as 
described in Text S6-2) 
31,258 40,271 22% 
 
Table S6-2 The calculated average UV254 removal efficiency. 
 Area under the curve 
for enhanced-ZVI or 
enhanced-
ZVI+biofiltration 
(min·mg/L) 
Area under the curve 
for raw water 
(min·mg/L) 
Removal efficiency 
Average DOC removal 
efficiency after 1,000 
bed volumes filtration 
for enhanced-ZVI with 
5 cm bed and 1.8 mins 
EBCT (data from 
columns 6 and7) 
150 210 29% 
Average DOC removal 
efficiency after 10,000 
bed volumes filtration 
for enhanced-
ZVI+biofiltration in 
treating low NOM raw 
water (data from 
columns 15 and 16, as 
described in Text S6-2) 
700 1,112 37% 
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Text S6-1 
Experiment to determine the removal performance of precipitated ferric for NOM 
In this experiment, the similar feed water and experiment setup were applied as described in Section 
6.2. Two parallel columns were used and the operational conditions were described in Table S6-3. 
The effluent of enhanced-ZVI columns was introduced into filters filled with fresh anthracite. To 
prevent the growing of biomass in the anthracite filters, 2 mM sodium azide was added to the feed 
water (Rattier et al., 2014). 
Table S6-3 The operational conditions for the experiment determining NOM removal by 
precipitated ferric 
Column 
number 
EBCT for 
enhanced-
ZVI bed 
(mins) 
Enhanced-
ZVI bed 
length 
(cm) 
EBCT for 
anthracite filter 
(mins) 
Anthracite 
bed length 
(cm) 
Flow rate 
(mL/min) 
13 1.8 1 6 3.3 0.28 
14 1.8 1 6 3.3 0.28 
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Figure S6-4 The change of (a) DOC and (b) Ferric for enhanced-ZVI and enhanced-ZVI+biomass-
inhibited anthracite (error bars represent the mean deviation of duplicate experiments). 
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Figure S6-5 The long-term performance of enhanced-ZVI and enhanced-ZVI+biofiltration in 
removing UV254 after regenerating enhanced-ZVI beds with (a) 0.5 M H2SO4; (b) 0.5 M oxalic acid 
(for (a), the data was from column 11; for (b) the data was from column 12; dash line indicated the 
regeneration of enhanced-ZVI bed). 
 
 
 
56 
 
0 5000 10000
0.0
0.4
0.8
1.2
1.6
2.0
2.4
0 5000 10000 0 5000 10000 0 5000 10000
 
F
e
rr
ic
 (
m
g
/L
)
 Enhanced-ZVI (EBCT=1.8 min)+biofiltration
 Enhanced-ZVI (EBCT=1.8 min)
(a)
 
Bed volumes 
 
 
 
 
 
0 5000 10000
0
1
2
3
4
5
6
0 5000 10000 0 5000 10000 0 5000 10000
 
F
e
rr
ic
 (
m
g
/L
)
 Enhanced-ZVI (EBCT=1.8 min)+biofiltration
 Enhanced-ZVI (EBCT=1.8 min)
Bed volumes 
 
 
 
 
(b)
 
Figure S6-6 The change of ferric for enhanced-ZVI and enhanced-ZVI+biofiltration after 
regenerating enhanced-ZVI beds with (a) 0.5 M H2SO4; (b) 0.5 M oxalic acid (for (a), the data was 
from column 11; for (b) the data was from column 12; dash line indicated the regeneration of 
enhanced-ZVI bed). 
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Table S6-4 The mass balance of iron for columns 11 and 12. 
 Regenerated with 0.5 M 
H2SO4 
Regenerated with 0.5 M oxalic 
acid 
Initial ZVI  (M0) 1459 1450 
Final ZVI - after 40,000-bed 
volumes filtration (M1)
 a
 
1072 1283 
Consumed ZVI - after 40,000-
bed volumes filtration (M2) 
M0-M1=387 M0-M1=167 
 Consumed ZVI - after 30,000 
bed volumes filtration (M3) 
M2*0.75=290
 b
 M2*0.75=125
 b
 
ZVI in regeneration solutions 
- after 30,000-bed volumes 
filtration (M4)
 c
 
241 106 
ZVI precipitated in biofilter -
30000-bed volumes filtration 
(M5) 
M3-M4=49 M3-M4=19 
a
 To determine the weight of ZVI particles, the enhanced-ZVI bed was removed from the column and the 
ZVI particles were collected by magnetic bars first. Then, ultrasonic cleaning was applied to remove the 
oxide films on the surface of ZVI particles. After drying with nitrogen gas blowing, the mass of ZVI 
particles was measured with an analytical balance.  
b
 Assuming that the ZVI was equally consumed during each 10,000-bed volumes filtration 
c
 The sum of iron in the three regenerated acid solutions  
 
Text S6-2 
New treatment train versus traditional coagulation  
A source water with low NOM content was collected from another local WTP. Two parallel 
columns were used and the operational conditions were described in Table S6-5.  
Table S6-5 The operation conditions for columns to treat low organic matter source water. 
Column 
number 
EBCT for 
enhanced-
ZVI bed 
(mins) 
Enhanced-
ZVI bed 
length 
(cm) 
EBCT for 
biofiltration 
(mins) 
Biofiltration 
bed length 
(cm) 
Flow rate 
(mL/min) 
15 1.8 1 6 3.3 0.28 
16 1.8 1 6 3.3 0.28 
 
Based on the result in Table S6-3, about 80 mg iron was dissolved in 12 mL 0.5 M H2SO4, 
indicating that the H
+
 is excessive in the ‘waste acid’ (if the passivation layer is in FeO form, 2.85 
millimoles H
+
 was needed; if the passivation layer is in Fe2O3 form, 4.28 millimoles H
+
 was 
needed). Since the proportion of FeO and Fe2O3 in the passivation layer of ZVI was not determined 
in this study, it was supposed that 3.58 millimoles H
+
 (average of 2.85 and 4.28) was needed to 
dissolve the passivated iron. To minimise the volume of acid, which could save space in practical 
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application, a more concentrated H2SO4 solution (3.64 M) was used to regenerate the passivated 
enhanced-ZVI beds. For regeneration, the water in enhanced-ZVI column was emptied first, and 
then, 0.5 mL 3.64 M H2SO4 was added to the column. After all the orange iron corrosion products 
were disappeared, the ‘waste acid’ was collected and diluted into 10 mL for future use. Afterwards, 
normal feed water was pumped through the enhanced-ZVI column with a flow rate of 1.4 mL/min 
to flush out the residual acid. When the effluent pH increased to 7.0, the whole setup was operated 
with the conditions described in Table S6.5 for another 10,000-bed volumes filtration.  
Effluent of enhanced-ZVI+biofiltration from 0 to 20,000 beds volumes was collected and mixed for 
the jar experiments described in (Table S6-6), including 1 min flash mixing (200 rpm/min), 15 mins 
flocculation (20 rpm/min) and 30 mins sedimentation (EPA, 2002). Aluminium sulfate (13.5 mg/L 
as Al2O3) and lime (21 mg/L) were used for coagulation in the WTP, which was use as baseline 
coagulant dose in this study. 
Table S6-6 Operational conditions for jar tests. 
 Water type 
Coagulant 
dosing (mg/L 
Al2O3) 
Lime (mg/L) 
Waste acid 
(mL/L) 
Coagulant Raw water 13.5 21 - 
40% coagulant 
& regenerating 
acid 
Mixture of 
enhanced-
ZVI+biofiltration’ 
effluent from 0 to 
20,000 bed volumes 
5.4 21 1 
regenerating 
acid 
Mixture of 
enhanced-
ZVI+biofiltration’ 
effluent from 0 to 
20,000 bed volumes 
- 21 1 
40% coagulant Raw water 5.4 8.4 - 
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Table S6-7 The comparison of consumables’ cost between new treatment train and traditional 
coagulation process. 
 Production capacity (m
3
/day) 100,000 
Total saving Money saved by using the new 
treatment train ($/1000 m
3
) 
11 
New treatment train 
Size of enhanced-ZVI bed with 
EBCT of 1.8 mins (m
3
) 
125 
Volume of GAC (m
3
) 37.5 
a
 
Mass of GAC (ton) 16.9 
b
 
Total cost of GAC ($) 24,000 
b
 
Volume of ZVI (m
3
) 37.5
 a
 
Mass of ZVI (ton) 170 
c
 
Total cost of ZVI ($) 61,000 
c
 
Service time (bed volumes) 70,000 
c
 
Amount of 98% H2SO4 (m
3
) 90 
d
 
Amount of 98% H2SO4 (ton) 166 
d
 
Cost of acid ($) 33,000 
d
 
Cost of coagulant ($) 86,000 
e
 
 Cost of lime ($) 23,000 
e
 
 Total cost ($/1000 m
3
) 227 
   
Traditional coagulation 
process 
Coagulant (Al2O3) per day (ton) 1.35
f
 
8.0 % Al2O3 per day (ton) 16.88
g
 
Cost of coagulant ($) 215,000
g
 
Lime (CaO) per day (ton) 2.1
g
 
72 % Ca per day (ton) 2.92
h
 
Cost of lime ($) 23,000
h
 
Total cost ($/1000 m
3
) 238 
a Assuming that the porosity of enhanced-ZVI bed is 0.4 and the volume ratio of GAC to ZVI is 1:1. 
b The density and price of GAC are about 0.45 g/cm
3
 and $1,450 /ton (www.alibaba.com)  
c The density and price of ZVI are about 4.53 g/cm
3
 and the $ 360 /ton (www.alibaba.com), while the purity 
of the iron particle is about 98%. Based on the results in Table S6-4, the iron demand is about 19 mg/L. 
d Six regenerations will be conducted for 70,000-bed volumes operation and about 75 m
3
 3.64 M H2SO4 was 
needed for each regeneration. The density and price of 98% H2SO4 are 1.84 g/cm
-3
 and $200 /ton 
(www.alibaba.com) 
e Based on the results in Figure 6-6, the new treatment train could save 60% of aluminium sulfate, but a 
similar amount of lime was needed. 
f The coagulation dose used in the WTP is 13.5 mg/L Al2O3 and 21 mg/L lime 
g The prices for aluminium sulfate liquid (8.5 % of Al2O3) is $ 145 /ton (Lehmann, 2011). The  final price 
includes an 2% annual inflation rate (Taylor, 2005). The total cost of aluminium sulfate liquid is for 70,000 
enhanced-ZVI bed volumes operation (about 88 days). 
h The prices for lime (72% of CaO) is $90/ton (www.alibaba.com). The total cost of lime is for 70,000 
enhanced-ZVI bed volumes operation (about 88 days).  
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7. Reducing natural organic matter and disinfection by-product precursors 
by alternating oxic and anoxic conditions during engineered short residence 
time riverbank filtration: a laboratory-scale column study 
 
The findings of this chapter were published in ‘Liu, P., Farré, M.J., Keller, J., Gernjak, W. 
Reducing natural organic matter and disinfection by-product precursors by alternating oxic and 
anoxic conditions during engineered short residence time riverbank filtration: A laboratory-scale 
column study. Science of the Total Environment 2016; 565: 616-625.’ 
7.1 Introduction 
Although RBF was shown to have good performance in removing NOM and could improve water 
quality greatly (Grünheid et al., 2005; Hoppe-Jones et al., 2010), the effective application of RBF 
relies on the availability of locally suitable hydrogeological conditions. Therefore, for places not 
suitable for natural RBF, an engineered RBF may be a good option. In a natural RBF system, the 
residence time varied from several days to up to five months (Grünheid et al., 2005; Weiss et al., 
2003).  Considering the cost of construction and land use, engineered RBF with a retention time of 
several days should be feasible, especially for smaller communities, where positive trade-offs for 
robust performance and low maintenance costs can be anticipated. Compared with conventional 
slow sand filtration system, the residence time for the engineered RBF is still longer and redox 
conditions can change from oxic to anoxic during soil passage potentially enhancing the removal of 
NOM that is sensitive to redox conditions. Although alternatively anoxic and oxic operation of 
activated sludge is widely used in wastewater treatment to achieve both organic matter and nitrogen 
removal (Tchobanoglous et al., 2003). Redox conditions have also been shown to be an important 
parameter for DOC and trace organic contaminant removal in artificial groundwater recharge with 
secondary effluent (Grünheid et al., 2005), but no evaluation of this process has been made in 
drinking water treatment practices with the aim of reducing natural organic matter and DBP 
precursors.  
Therefore, the aim of this work was to study the performance of engineered short residence time 
RBF in removing NOM with hydraulic retention times (HRT) investigated from 2 hours to 6 days. 
Specifically, the fate of DBP precursors along the whole filtration process was also studied with a 
focus on the impact of alternating oxic and anoxic conditions in the filter. This study compares the 
evolution of formation potential of carbon-only based C-DBPs (e.g. THMs, HKs) and nitrogen-
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containing disinfection by-products (N-DBPs, e.g. HANs, HNMs), with little information being 
available about the biodegradability of their precursor molecules. 
 
7.2 Materials and methods 
7.2.1 Raw water 
Raw water was collected from the same WTP as described in 5.2.1. The concentration of raw water 
and the preparation of feed water followed the same method used in 5.2.1 followed the same 
method used in 5.2.1 as well. For this experiment, 400 L raw water was collected and concentrated 
to around 40 L (concentration factor of 10). To minimise the potential degradation and extend 
storage time, the concentrate was stored in a freezer. The analytical parameters of the studied water 
include dissolved organic carbon (DOC), ultraviolet absorbance at 254 nm (UV254), DBP formation 
potential (DBP FP), size exclusion chromatography (SEC), biodegradable DOC (BDOC), dissolved 
oxygen (DO), inorganic nitrogen species (NH4
+
, NO3
-
, NO2
-
) and sulphide (HS
-
) 
7.2.2 Experimental setup 
The experimental reactors used in this study consisted of three PVC columns in series, 2 m length 
and 2 cm diameter each (Figure 7-1). Moreover, the three columns were connected with 
NORPRENE tubing (Masterflex
®
, Cole-Parmer, USA). Due to the high oxygen permeability of the 
tubing material, oxygen could permeate through the tubing wall and contact with water easily, thus, 
certain re-oxygenation could happen when water passing from one column to another (see below 
and Figure 6-1). Two reactors were operating in parallel (reactor A and reactor B) on the same 
feedwater. Sampling ports were located at 0.1 m, 0.2 m, 1 m, 2 m, 4 m and 6 m filtration distance. 
A salt tracer test indicated that the HRT for the system was about 6 days (as demonstrated in 
supporting information and Figure S7-1) and the filtration velocity 1 m/day. The chosen ratio of 
filter cross-section and filtration rate was a compromise to keep vertical mixing at an acceptable 
level in the laboratory system (data of preliminary tests of other system configurations not shown). 
In an eventual up-scaled system other considerations may be more important as e.g. smaller 
filtration velocity will decrease capital costs for a given HRT. Bioactive sand was used as the media 
for both reactors. The composition of this media was a mixture of 90% fresh sand (1.5-3.0 mm in 
diameter) and 10% bioactive sand from a rapid sand filter used at a local water treatment plant.  
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Figure 7-1 Schematic diagram of the lab-scale reactors and DO values for all sampling ports, inlet, 
and outlet of each column (DO unit is mg/L), with the main difference being partial reaeration 
between columns occurring in set-up A. 
 
Feed water was pumped (Watson Marlow 323, Australia) into the first column from top to bottom 
with a flow rate of about 0.1 mL/min. The water level in the first column was checked every day to 
make sure that the column was entirely filled with water. For the second columns, the water flow 
direction was from bottom to top to ensure that the reactor was full of water during the whole 
filtration process. The operation condition for the third column varied between reactor A and B. For 
reactor A, a longer connecting tubing was used to connect the second and the third column, and, as 
a consequence, re-oxygenation was enabled and additional oxygen was introduced in the third 
column. For reactor B, a short connecting tubing was used between the second and the third column 
avoiding substantial re-oxygenation in reactor B. Besides those intentionally designed differences in 
both systems, there were also other non-intentional differences such as increased DO consumption 
in the top filtration layer of reactor B leading to further differences in the distribution of oxic and 
anoxic zones in the two systems, which will be discussed in the results section (see Figure 7-1 for 
details of resulting DO concentrations). 
7.2.3 Experimental procedure 
Before starting the study, the columns were fed for 1 year with feedwater that was reconstituted by 
mixing daily 40 mL concentrate with 360 mL Milli-Q water (Millipore Pty Ltd, USA) to ensure the 
stabilisation of the reactors. During the experimental phase, the same feed water was used. Due to 
the limited water volumes inside the reactors and plug-flow feature of the setups, it is impossible to 
DO=8.50±0.25 
DO=3.18±0.32 
DO=0.57±0.43 
DO=0.37±0.21 
DO=0.09±0.15 
A Sample ports 
DO=8.50±0.25 
DO=3.44±0.27 
DO=0.99±0.16 
DO=0.33±0.07 
DO=3.17±0.28 DO=7.67±0.34 
DO=6.08±0.53 
DO=0.29±0.22 DO=1.19±0.18 
B 
DO=1.43±0.22 
DO=0.10±0.30 DO=1.14±0.11 
DO=0.71±0.25 
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collect enough samples by draining water directly from each sampling port without impacting the 
HRT of collected water. Therefore, a continual sample collection process was applied, during which 
the reactors were operated under normal conditions and the corresponding sampling port was 
opened as the only effluent of the whole setup, and as a result, water in the latter part of the setup 
that after the sampling port would not mobilize during the sampling process. Because of the low 
flow rate used in this study and in order to collect enough water sample to conduct all the 
measurements, one day is needed for a water sample from each sampling port, which would extend 
the HRT of following sampling port by one day. For the sake of not impacting the HRT of other 
samples, samples were collected in reversed order, which means that the sample at 6 m filtration 
distance was the first to be collected and the sample at 0.1 m was the last one. As there are six 
sampling points in each system collecting one batch of samples took 6 days. After that, the reactors 
were operated normally for one week before a subsequent batch of samples was taken duplicating 
the experiment. Hence, all reported results are the average of two batches and, as shown later, the 
relative mean deviation was typically below 5% verifying this as a valid procedure not causing 
disturbances in the biological filtration system 
During the whole samples collection process, a cooler (Lauda Alpha RA8, USA) was used to keep 
the temperature of the sampling bottle at 4 °C to limit biodegradation inside the sample, and DO 
was measured and recorded automatically along the duration of each sampling (WTW ProfiLine 
Multi 3320, Germany). 
 
7.3 Results and discussion 
7.3.1 Removal of DOC and DBP precursors during RBF 
Figure 7-2 describes the changes of DOC and UV254 across reactor A and B during the RBF 
experiment. Error bars correspond to the mean deviation of duplicate experiments. Figure 7-1 
shows that the oxygen concentration at the same sampling ports of reactor A and B were different. 
These differences allowed the investigation of different oxic/anoxic conditions on the degradation 
of DOC and specific DBP precursors. Nevertheless, in general, despite the different DO 
concentration and consumption pattern for reactor A and reactor B (see Figure 7-1), both reactors 
could achieve a good DOC and UV254 removal. As shown in Figure 7-2 (A), within 6 m of filtration 
corresponding to 6 days of HRT the DOC of reactor A decreased from 12.4±0.2 to 3.6±0.2 mg/L, 
while UV254 was reduced from 0.285±0.000 to 0.052±0.008 cm
-1
 corresponding to removal 
efficiencies of 71±2% and 80±2%, respectively. For reactor B, 59±1% DOC and 72±1% UV254 
were removed. In addition, SUVA254 was reduced from 2.29±0.03 to 1.45±0.14 and 1.56±0.06 
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L/mg-C·m in reactor A and reactor B, respectively (Table S7-2), indicating that more aromatic 
organic carbon, typically attributed to humic and fulvic acids in surface water NOM (Croué et al., 
1999), was removed. Biodegradation is an important contaminant removal mechanism for 
biofiltration and DOC is removed by the metabolism of biomass grown on the surface of media 
(Collins et al., 1992; Ray et al., 2002), however, physical filtration, precipitation, and sorption by 
media materials could contribute to the overall DOC removal as well (Ray et al., 2002). To 
determine which mechanism is playing the main role, a control experiment was conducted where 
biomass growth was inhibited with sodium azide (Persson et al., 2007; Rattier et al., 2014). In this 
control experiment, no DOC removal was observed (as shown in Text S7-2 of supporting 
information), indicating that the fresh sand and column materials had no measurable adsorption 
capacity. Therefore, the DOC removed in the experiment can be attributed entirely to 
biodegradation.  
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Figure 7-2 Change of DOC and UV254 along the flow pathway for (A) reactor A and (B) reactor B 
(error bars represent the mean deviation of duplicate experiments). 
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Figure 7-3 Change of DBP FP along the flow pathway for (A) reactor A and (B) reactor B (error 
bars represent the mean deviation of duplicate experiments). 
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In addition to DOC and SUVA254, DBP FP was measured to investigate its evolution along the 
filtration path.  As shown in Figure 7-3, the DBP FP for all DBP groups decreased greatly for both 
reactors within the 6 meters of filtration. The main difference observed is that, contrary to the 
results obtained for reactor B, no significant change of DBP FP was observed for reactor A in the 
initial 1 m. Nevertheless, after the first meter, DBP FP for each DBP group decreased gradually. 
Overall, within 6 m of filtration, the DBP FP reduction efficiencies of reactor A for THM4 (sum of 
TCM, BDCM, DBCM and TBM), CH, HK2 (sum of 11DCP and 111TCP), HAN4 (sum of TCAN, 
DCAN, BCAN and DBAN) and HNM2 (sum of TCNM and TBNM), were 77±8%, 90±1%, 75±5%, 
51±3% and 37±11% respectively, and the final DBP FP for these DBPs are equal or even lower 
than the values of coagulated water from the same WTP (De Vera et al., 2015). In general, the 
reduction efficiency of DBP FP for C-DBPs (including THM4, CH, and HK2) was higher or similar 
than DOC removal (i.e., 71±2%). On the other hand, the reduction efficiency of DBP FP for N-
DBPs (HAN4 and HNM2) was lower than DOC removal, indicating that precursors for C-DBPs 
were preferentially removed during the filtration process. Figures S7-2 and S7-3 of the supporting 
information detail the removal of the individual DBPs investigated across reactor A and B, 
respectively. As seen in Figure S7-2, for most DBPs there was no significant change in the initial 1 
m, except for TCNM, whose DBP FP increased in the first 0.1 m and then decreased. After the first 
1 m, the change of DBP FP varied for different DBPs. In general, the DBP FP decreased for HKs 
and CH. When evaluating families with bromide and chlorine species, such as THMs, HANs, and 
HNMs, it could be observed that the DBP FP for chlorinated DBPs decreased greatly (i.e., TCM, 
TCAN, DCAN, and TCNM), while it increased for brominated DBPs (i.e., DBCM, TBM, DBAN, 
and TBNM). As a result, after 6 m filtration, the relative proportion of brominated DBPs formation 
increased gradually for the THMs, HANs, and HNMs. The rate constant of bromide with HOCl to 
generate HOBr is 1.5×10
3
 l/M·s (Kumar and Margerum, 1987) and the rate constant of THMs 
formation is in the range of 0.01 and 0.03 1/M·s (Gallard and Von Gunten, 2002). It is known that 
once formed, bromine reacts about 10 times faster than chlorine with natural organic matter since 
the activities of electrophilic substitution for electron release to stabilize a carbocation are more 
favourable for the Br atom due to its higher electron density and smaller bond strength relative to 
the Cl atom (Hua et al., 2006; Westerhoff et al., 2004). Hence, the formation of brominated DBPs 
(Br-DBPs) is limited by the initial Br concentration whereas the chlorinated DBPs (Cl-DBPs) 
would be limited by the availability of organic matter prone to form DBPs. Therefore, it has been 
reported previously that the formation of highly bromine-substituted DBPs increases, while those 
containing only chlorine decrease, when organic matter decreases during biofiltration and is 
chlorinated afterwards (Farré et al., 2011). 
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For reactor B (Figure 7-3(B)), DBP FP decreased from 0.2 m to 4 m, but in the last 2 m of filtration, 
only a small change of DBP FP was observed. Overall, after 6 m filtration, the DBP FP reduction 
efficiencies for THM4, CH, HK2, HAN4, and HNM2 were 68±7%, 75±4%, 59±6%, 56±6% and 
63±10%, respectively. However, besides CH, the reduction efficiencies of DBP FP for both C-
DBPs and N-DBPs were similar to that of DOC (59±1%). The change of DBP FP for individual 
DBP species along the flow pathway (Figure S7-3) followed the trend of corresponding DBP 
groups. For the groups THM4, HAN4 and HNM2, although the reduction of DBP FP for some 
chlorinated DBPs had already started from 0.2 m, similar to reactor A, after 6 m filtration the 
proportion of brominated DBPs in DBP FP tests increased.  
Another interesting phenomenon observed was that during DBP FP test, there was a high 
correlation between the concentration of TCM and DCAN (Figure S7-4), both of which were the 
main species for each group in raw water. Krasner et al. (1989) also observed that HANs correlated 
well with THMs (r=0.90) in 35 US water treatment facilities. The high correction may indicate that 
TCM and DCAN may share similar precursors or the precursors for these two DBPs always 
appeared simultaneously.  
The BDOC of the raw water was also investigated following the methods described by Joret et al. 
(1991) and the results are summarized in Table 7-1. The BDOC value for the raw water was 
2.07±0.30 mg/L, which accounted for 17% of raw water DOC. However, in both reactors, within 6 
m filtration, at least 60% of DOC was removed, which was substantially higher than the measured 
BDOC. Table 7-1 shows that after 7 days’ BDOC test, the final DOC and UV254 values were similar 
to the value measured at 0.2 m for reactor A and at 0.1 m for reactor B. The difference between the 
RBF and the BDOC test could explain the variation in the results. During BDOC test aeration was 
continually applied, thus, oxic biodegradation should be predominant for the DOC removal, while a 
mix of oxic and anoxic conditions was present in the RBF experiments. Similarly, as shown in 
Figure 7-1, about 5 mg/L DO consumption at 0.2 m of reactor A and 0.1 m of reactor B was enough 
to lead to a similar oxic biodegradation. Therefore, it is supposed that the DOC removed in the 
BDOC test was rapidly consumed in the first 0.2 m and 0.1 m filtration for reactor A and reactor B 
by oxic biodegradation, and after that different biodegradation processes may explain the further 
DOC removal observed in the RBF system. This hypothesis is also supported by the fact that in the 
BDOC test and the initial phase of the RBF columns SUVA254 was quite stable, whereby it was 
reduced to around 1.5 in the later stages of the RBF filtration.  
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Table 7-1 Comparison of 7 days BDOC test, reactor A in the first 0.2 m filtration and reactor B in 
the first 0.1 m filtration (for BDOC measurement the errors represent the mean deviation of 
triplicate experiments; for reactor A and reactor B, the errors represent the mean deviation of 
duplicate experiments). 
 Time/Depths DOC (mg/L) UV254 (cm
-1
) SUVA254 (L/mg-
C·m) 
BDOC test 
0 day 12.43±0.30 0.282±0.009 2.30±0.09 
5 days 10.76±0.12 0.252±0.003 2.34±0.04 
7 days 10.36±0.09 0.245±0.001 2.37±0.02 
Reactor A 
0 m 12.44±0.15 0.285±0.000 2.29±0.03 
0.1 m 11.59±0.11 0.264±0.003 2.28±0.03 
0.2 m 10.71±0.01 0.247±0.001 2.30±0.01 
Reactor B 
0 m 12.44±0.15 0.285±0.000 2.29±0.03 
0.1 m 10.68±0.13 0.248±0.002 2.32±0.03 
 
7.3.2 The impact of redox conditions on the removal of DOC 
As shown in Figure 7-4, DOC removal increases with increased DO consumption for both reactors. 
The ratio of ΔDOC to ΔDepth could be used to indicate the relatively average removal rate of DOC 
in a certain filtration distance. As one meter of filtration corresponds to an average HRT of one day, 
ΔDepth and Δt could be used interchangeably. However, as the reality is rather that an HRT 
distribution is present, we preferred to rather keep referring to filtration distance.  
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Figure 7-4 Accumulated DOC removal with the increase of DO consumption for reactor A and 
reactor B (errors represent the mean deviation of duplicate experiments). 
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Table 7-2 Change of DOC removal rate between different sampling ports (errors represent the 
mean deviation of duplicate experiments). 
  Reactor A Reactor B 
 ΔDepth 
(m) 
ΔDOC 
(mg/L) 
ΔDOC/ΔDepth 
(mg L-1 m-1) 
ΔDOC 
(mg/L) 
ΔDOC/ΔDepth 
(mg L-1 m-1) 
1st column 0-0.1 0.85±0.19 8.5±1.9 1.76±0.20 17.6±2.0 
0.1-0.2 0.83±0.11 8.3±1.1 0.89±0.14 8.9±1.4 
0.2-1 0.77±0.20 1.0±0.3 1.48±0.12 1.9±0.2 
1-2 0.77±0.44 0.8±0.4 0.67±0.37 0.7±0.4 
2nd column 2-4 3.29±0.22 1.6±0.1 1.74±0.37 0.9±0.2 
3rd column 4-6 2.12±0.23 1.1±0.1 0.77±0.08 0.4±0.0 
 
As shown in Table 7-2, for reactor A, in the first 0.2 m, the DOC removal rate is about 8.3 mg L
-1
 
m
-1
, then decreased to 1.0±0.3 mg L
-1
 m
-1
 for 0.2 to 1 m, and after that, it continually decreased to 
0.8±0.4 mg L
-1
 m
-1
 within the subsequent 1 m filtration. For reactor B, the DOC removal rate is 
17.6 ±2.0 mg L
-1
 m
-1
 in the first 0.1 m, and decreased to 8.9±1.4 mg L
-1
 m
-1
 within 0.2 m filtration 
and decreased gradually to 0.7±0.4 mg L
-1
 m
-1
 for 1 to 2 m. Figure 7-4, also shows how highly 
biodegradable DOC is reduced at an approximate rate of 1 mg/L DOC per 3 mg/L of DO consumed 
for the first 7-8 mg/L of DO consumed (until 1 m in reactor A and until 0.2 m in reactor B, 
respectively), whereas DOC removal per DO consumed changes in the later stages of the RBF due 
to the change to anoxic conditions. 
For reactor A, DO was relatively abundant in the first 0.2 m (see Figure 7-1). Thus, from 0 to 0.2 m, 
DOC was removed by oxic biodegradation, which may explain the high DOC removal rate in 
conjunction with the availability of some relatively biodegradable DOC (Grünheid et al., 2005). At 
0.2 m, the DO concentration was 3.44 mg/L, which should be enough to support oxic 
biodegradation, but it decreased to 0.91 mg/L at 1 m. Since there was no sampling port between 0.2 
m to 1 m, it was impossible to measure the speed at which DO was consumed during this distance. 
However, assuming that the DO consumption rate was similar than in the first 0.2 m of filtration, 
DO would have decreased to around 1 mg/L within another 0.1 m filtration, and thus, at least at the 
latter part of this 0.8 m could have been under anoxic conditions. As a result, the DOC removal rate 
from 0.2 to 1 m could be a combination of both oxic and anoxic biodegradation. Moreover, the 
formation of HS
-
 at 1 m (Figure S7-5) also proved the occurrence of a certain extent of anoxic 
biodegradation, at least indicating that the DO distribution in this zone was not fully homogeneous. 
From 1 m to 2 m, because of the low initial DO concentration (0.91 mg/L) and continued formation 
of HS
-
, anoxic condition was assumed to be prevalent. Former studies have shown that under anoxic 
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condition the DOC removal rate was slower than that under oxic condition (Jekel and Gruenheid, 
2005). Therefore, the substantial decrease of DOC removal rate in reactor A after 0.2 m could be 
due to the change of redox condition from oxic to anoxic. Similarly, for reactor B, abundant DO in 
the first 0.1 m lead to a fast oxic biodegradation of DOC, and with the decrease of DO 
concentration, the redox condition changed from oxic to anoxic which produced a gradual decrease 
of the DOC removal rate as shown in Table 7-2. 
In reactor A, a DO concentration of 3.17 mg/L was measured at the inlet of the second column after 
re-oxygenation in the connecting tubing, which indicated that oxic condition existed again. The 
decrease of HS
-
 (Figure S7-5) concentration and formation of NO3
-
 (Figure S7-6) also indicated that 
oxidative conditions prevailed in this section of the column. At the exit of the second column, DO 
was only 0.29 mg/L and at least some parts of the second column were operated under anoxic 
condition. Thus, the DOC removal rate (1.6±0.1 mg/L·m) for the second column of reactor A could 
be also a result of the combination of oxic and anoxic biodegradation conditions. However, the 
amount of DOC removed in this second column, with DO consumption around 3 mg/L, was higher 
than the DOC removed between 0.2 m and 2 m, with a similar DO consumption. In particular, 3.29 
mg/L DOC was eliminated from 2 to 4 m of filtration depth compared to 1.54 mg/L DOC 
eliminated from 0.2 and 2 m filtration depth. The formation of easily degradable fermentation 
products during the anoxic period could explain the increased DOC removal rate in the second 
column as previously observed by Bastviken et al. (2004) in anoxic and oxic zone changes in lake 
water. To investigate this hypothesis further SEC-UV-OCD was used to detect the generation of 
new products related to the anoxic filtration process. The results shown in Figure S7-7(a) of the 
supporting information indicated that, as anticipated, some small molecular weight compounds 
were formed at 2 m, which were further consumed in the second column. 
For reactor B, only 1.43 mg/L DO permeated into the second column and the insignificant 
formation of NO3
-
 (Figure S7-6) and relatively higher HS
-
 (Figure S7-5) concentration indicated 
that the oxic biodegradation was still limited. As a result of this limitation, the increase of DOC 
removal rate observed in the second column of reactor B was lower than for the second column of 
reactor A.  
The difference between the length of the connecting tubing to the third column of reactor A and B 
allowed further investigation of the different DOC removal mechanism observed during oxic vs 
anoxic conditions. For reactor A, 7.67 mg/L DO was introduced through the connecting tubing, in 
principle enabling oxic biodegradation. However, the DOC removal rate was relatively low 
compared to the second column. This may be explained by the following two reasons. Firstly, the 
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complete elimination of ammonium and sulphide in the second column indicated low anoxic 
biodegradation activity in the second column (2 - 4 m filtration depth). SEC-UV-OCD results 
showed that some small organic matter formed at 4 m, but the quantity was much lower compared 
to the low molecular weight compounds present at 2 m (Figure S7-7(a)). Secondly, after the first 4 
m of biofiltration, the remaining organic matter was likely hardly biodegradable. For reactor B, only 
1.14 mg/L DO permeated into the third column, and the elimination of N-NH4
+
 without 
accumulation of N-NO3
-
 (Figure S7-6) indicated that anoxic biodegradation should be still prevalent 
in the third column. As a result, limited oxic biodegradation may be the main reason for the low 
DOC removal rate in reactor B. 
In sum, initial rapid oxic biodegradation could only remove a limited portion of organic matter from 
the feed water. Also, after an initial change to anoxic condition in the first column only little 
additional DOC removal was observed. However, a change back to oxic conditions enabled a 
second or third oxic biodegradation to remove further DOC that was modified in anoxic filtration 
phases. The phenomenon occurred in both experimental systems, although due to different re-
oxygenation in the two systems the observations were also different confirming the observations on 
each single system mutually. Hence, the alternation of oxic and anoxic conditions during the 
biofiltration process was beneficial for the removal of DOC.  
7.3.3 The impact of redox condition on the removal of specific DBP precursors 
Similar to the removal of DOC, DBP FP reduction efficiency increased as filtration proceeded and 
further DO was consumed (Figure 7-5). As explained earlier, a higher DBP FP reduction occurred 
in reactor B than that in reactor A up to 1 meter due to a quicker DO consumption in the initial 
stage of reactor B. Since the DOC concentration at each sampling port for these two reactors was 
different, the comparison of specific DBP FP (DBP FP per DOC) between these two reactors was 
calculated as well and presented in Figure 7-6.  
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Figure 7-5 Accumulated removal of (A) THM4, (B) CH,  (C) HK2,  (D) HAN4 and (E) HNM2 
with the increase of DO consumption for reactor A and reactor B (errors represent the mean 
deviation of duplicate experiments). 
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Figure 7-6 The comparison of specific DBP FP between reactor A and reactor B for groups (A) 
THM4, (B) CH,  (C) HK2,  (D) HAN4 and (E) HNM2 (errors represent the mean deviation of 
duplicate experiments). 
 
Figure 7-6 shows the removal of specific DBP FP of different DBP groups in reactor A and B. In 
general, during the first 0.2 meters of filtration the specific DBP FP for all DBP was similar. 
However, after 0.2 meters different removal trends were observed for different DBP groups. The 
specific DBP FP of some DBPs tended to decrease (e.g. THM4 and CH), others kept being 
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relatively stable (e.g. HAN4) and the specific DBP FP of HNM2 increased in reactor A, whereas it 
decreased in reactor B.   
Former studies have shown that under anoxic condition, more aromatic organic matter could be 
removed and, as a result, SUVA254 decreased further (Grünheid et al., 2005), which correlated well 
with a decrease observed in DBP FP (Kitis et al., 2002).  As reactor B had more anoxic zones, this 
can be an explanation of the higher DBP FP removal observed in reactor B, when comparing DBP 
FP reduction per DO consumed as in Figure 7-5.  
From 4 m to 6 m, essentially only reactor A had abundant available DO and hence oxic 
biodegradation. Thereby in the third column, C-DBPs in particular, kept decreasing in reactor A 
(the removal efficiencies increased from 50%, 60% and  60% to 80%, 90% and 80% for THMs, CH, 
and HKs), while in reactor B no or little change occurred. However, for N-DBPs, the change of 
specific DBP FP between these two reactors remained following the former trend and as a result 
reactor B had as well lower absolute as specific DBP FP than reactor A for HAN4 and HNM2.  
In general, it was observed that re-aeration after anoxic biodegradation could increase in particular 
the removal of C-DBP precursors. On the contrary, the removal of the N-DBP precursors studied 
here benefitted from increased phases of anoxic biodegradation. This was particularly evident for 
THNM, which among their precursors moieties contain nitro groups, which may have been reduced 
in anoxic phases. This observation is consistent with previous observations made in wastewater 
treatment demonstrating the degradation of nitrobenzene to aniline under anoxic condition (Dickel 
et al., 1993).  
7.3.4 Practical implications  
Based on the results obtained from this study the engineered short residence time RBF appears to be 
a good option to improve drinking water quality for small communities. In these places, the land is 
usually not a limiting factor for constructing infrastructure. Also, a robust and low maintenance 
technology may be favourable compared to over conventional and advanced treatment requiring a 
dedicated and experienced operator. The separation of the system into several filtrations and the 
utilization of opened or oxygen permeable channels for connection allowing for re-oxygenation of 
the water because alternating oxic and anoxic zones can ensure higher DOC removal while also 
managing HS
-
 formation and odour problems.  
Therefore, for places where the source waters are relatively clean, the filtrate of the engineered 
short residence time RBF could be distributed directly to consumers after disinfection; for places 
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where the NOM contents are high in source waters, further treatments, e.g. coagulation, may be still 
needed, but the intensity and cost of these treatments would be reduced significantly.  
 
7.4 Conclusion 
From the results obtained in this study, the following conclusions can be drawn: 
 Engineered short residence time RBF (about 6 days HRT) could achieve substantial DOC 
(60-70%) and UV254 (70-80%) removal efficiency, which is even better than the 
performance of  conventional coagulation used in the WTP (De Vera et al., 2015). For 
different regulated and emerging DBP families, at least 50% DBP FP reduction could be 
achieved.  Hence, it has considerable potential as a simple, yet effective process option for 
removing organics in drinking water production. 
 Changing redox condition between oxic and anoxic was shown to be beneficial for the 
overall performance of engineered short residence time RBF as more DOC and DBP FP 
could be removed, in particular also compared to a BDOC test of similar duration under 
purely oxic conditions.  
 DO had a substantial impact on the removal of DBP precursors. For C-DBPs precursors 
removal, re-aeration after certain time could continually increase the removal efficiencies 
from 50%, 60%, 60% to 80%, 90%, 80% for THM4, CH and HK2 after one sequence of 
oxic transitioning to anoxic conditions. Contrarily, for N-DBPs precursors removal, 
prolonged anoxic conditions were favourable. 
 Since biodegradation is the major NOM removal mechanism during the engineered short 
residence time RBF, the successful application may also rely on the biodegradability of local 
raw water. Therefore, its performance could change significantly site to site. 
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7.5 Supplementary information 
Text S7-1: tracer test 
A tracer test was conducted for one column (2 m length) just after the columns were filled with 
media. 5 g/L potassium chloride was used as a tracer and spiked at the inlet of the column for a 
short time. Then, a conductivity meter was placed at the outlet of the column with a flow-through 
cell to record the variation of conductivity. According to the temporal method of moments 
described by (Drewes et al., 2009), the average retention time could be calculated by the following 
equations. The results in Table S7-1 show that for a 2 m column the HRT is about 2 days. Therefore, 
for the three columns reactors used in this study, the HRT is about 6 days. 
The n
th
 temporal moment of a concentration profile at a location x is defined as follows: 
Mn(x) = ∫ t
n ∙ c(x, t)dt
∞
0
                                                                                        Eq.1                   
The first normalized moment (m1) is used to estimate the average retention time of solute in porous 
medium: 
m1(x) =
𝑀1
𝑀0
=
∫ t∙c(x,t)dt
∞
0
∫ c(x,t)dt
∞
0
                                                                                                      Eq.2 
 
                                                                                                     
 
Figure S7-1 Experimental results for tracer test. 
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Table S7-1 The calculated HRT for one column. 
M0 (mg L
-1
 min) 44,388 
M1 (mg L
-1
 min
2
) 122,427,232 
M1 (mins) 2,758 ≈ 2 days (=2,880 mins) 
 
Text S7-2: control experiment with sodium azide 
In this experiment, a 1 m column (with a diameter of 2 cm) was used. The operational conditions 
were the same as used in the first 1 m filtration of reactor A and reactor B. In order to prevent the 
growth of biomass on the surface of the sand, 2 mM sodium azide was added to the feed water. The 
results showed that after 1 m filtration, DOC just changed from 13.65±0.06 to 13.36±0.23 mg/L. 
And two tail t-test results showed that no significant difference between these two data (p=0.40). 
Thus, fresh sand and the column materials could not remove DOC by adsorption. 
Table S7-2 SUVA254 change along the flow pathway for reactor A and reactor B (error represent 
the mean deviation of duplicate experiments). 
Filtration Depth (m) 
SUVA254 (L/mg-C·m) 
Reactor A Reactor B 
0 2.29±0.03 2.29±0.03 
0.1 2.28±0.03 2.32±0.03 
0.2 2.30±0.01 2.30±0.03 
1 2.21±0.12 2.19±0.03 
2 1.80±0.15 1.82±0.09 
4 1.70±0.09 1.83±0.10 
6 1.45±0.14 1.56±0.06 
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Figure S7-2 Individual DBP FP change along the flow pathway in reactor A for groups (a) THM4 
(b) CH (c) HK2 (e) HAN4 and (f) HNM2 (error bars represent the mean deviation of duplicate 
experiments). 
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Figure S7-3 Individual DBP FP change along the flow pathway in reactor B for groups (a) THM4 
(b) CH (c) HK2 (e) HAN4 and (f) HNM2 (error bars represent the mean deviation of duplicate 
experiments). 
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Figure S7-4 Linear correlation between TCM concentration and DCAN concentration for (a) 
reactor A and (b) reactor B. 
 
0 2 4 6
0.00
0.05
0.10
0.15
0.20
0.25
0.30
 
C
o
n
ce
n
tr
at
io
n
 (
m
g
/L
)
Filtration distance (m)
 Reactor A
 Reactor B
 
Figure S7-5 Change of HS
-
 concentration along the flow pathway for reactor A and B (error bars 
represent the mean deviation of triplicate measurements). 
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Figure S7-6 Change of inorganic nitrogen concentrations along the flow pathway for (a) reactor A 
and (b) reactor B (error bars represent the mean deviation of triplicate measurements). 
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Figure S7-7 Size exclusion chromatography with UV (top) and OCD detectors (bottom) along the 
flow pathway for (a) reactor A and (b) reactor B (A=Biopolymers; B=Humic substances; 
C=Building blocks; D=Low molecular weight acids; E=Low molecular weight neutrals) 
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8. The impact of short-term shock loadings on the performance of 
biofiltration: a laboratory-scale column study 
 
8.1 Introduction 
The dynamic nature of hydrologic systems between the river and the pumping well may restrict the 
reliable application of RBF (Tufenkji et al., 2002). For example, a rise in river level would result in 
an increase of hydraulic gradient between the river and the pumping wells, which could further 
affect the pore water velocity and the corresponding retention time and may limit biogeochemical 
activity in the aquifer (Ray et al., 2002). Gupta et al. (2009) indicated that RBF still had a good 
microbial removal under ﬂood conditions, but Derx et al. (2013) suggested that higher hydraulic 
loading could lead to viruses being transported further, and at higher concentrations, into the 
riverbank and might reach the pumping well. However, fewer studies have been performed to 
determine the performance of RBF in removing NOM and DBP precursors during higher hydraulic 
gradient conditions. One study showed that in a lab-scale RBF system the removal of the bulk 
organic matter was not distinguishable at hydraulic loading rates of 0.625 and 1.25 m/day (Maeng 
et al., 2008b). The same results were observed in a pilot slow sand filtration system (Collins et al., 
1992). But, both of these studies were conducted under steady state conditions. In actual RBF 
systems, the rise in river level may just occur for several days to weeks following rainfall, and at 
other times, the RBF would run under normal conditions. Therefore, the influence of increased river 
level and the corresponding higher hydraulic gradient on RBF is more a short-term shock than a 
long-term continuing operation. So far, the influence of such short-term shock loadings on RBF 
systems, especially on the NOM and DBP precursor removal, has not been clearly investigated.  
Therefore, the aim of this chapter was to determine if the short-term hydraulic or organic shock 
loadings would impact the removal performance of RBF for DOC, UV254, and DBP precursors, and 
elucidate the potential mechanisms involved. 
 
8.2 Materials and methods 
8.2.1 Raw water 
Raw water was collected from the same WTP as described in 5.2.1. The concentration of raw water 
and the preparation of feed water followed the same method used in 5.2.1 followed the same 
method used in 5.2.1 as well. For this experiment, 400 L raw water was collected and concentrated 
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to around 40 L (concentration factor of 10). To minimise the potential degradation and extend 
storage time, the concentrate was stored in a freezer. This arrangement also allowed the generation 
of feed water with higher than normal levels of NOM to test the impact of such organic overloading 
situations on the column performance. Under normal conditions, the DOC and UV254 in feed water 
were about 12 mg/L and 0.250 cm
-1
, respectively. 
8.2.2 Experimental setups 
The experimental reactor used in this study is a 2 m PVC column with 2 cm diameter (Figure 8-1). 
Feed water was pumped (Watson Marlow 323, Australia) into the reactor from top to bottom with a 
flow rate of about 0.1 mL/min (equal to 1 m/d) so that in case of clogging it was much easier to fix 
the problem (during the whole operation period no clogging of the columns was observed). The 
water level in the reactor was checked every day to make sure that the column was entirely filled 
with water. Bioactive sand was used as media, which was a mixture of 90% fresh sand (1.5-3.0 mm 
in diameter) and 10% bioactive sand from a rapid sand filter used at a local water treatment plant. 
Sampling ports were located at 0.1 m, 0.2 m, 1 m and 2 m filtration distance. Based on previous 
tests, the hydraulic retention time (HRT) for the reactor is 2 days under the above-mentioned flow 
rate. 
 
Figure 8-1 Schematic diagram of the lab-scale reactor. 
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8.2.3 Experimental procedures 
Feed water was prepared daily by mixing concentrate with Milli-Q water (Millipore Pty Ltd, USA), 
and before experimentation, the reactor had been fed for one year. Because of the low flow rate 
under normal condition, in order to collect enough water sample to conduct all the measurements, 
the water sample from each sampling port was continually collected for one day. During the whole 
collection process, a cooler (Lauda Alpha RA8, USA) was used to keep the temperature of the 
sampling bottle at 4 °C to limit biodegradation inside the sample. Samples were collected in a 
reverse order, which means that the sample at 2 m filtration distance was the first to be collected 
and the sample at 0.1 m was the last one. When collecting samples, the valve for corresponding 
sampling port was open, and the effluent of the whole reactor and other sampling ports were closed. 
Collecting one batch of samples took 4 days. After that, the reactor was run normally for one week 
before a subsequent batch of samples was taken. The reported results are the average of these two 
batches and, as later shown, the reproducibility was very good verifying this as a valid procedure.  
For the hydraulic shock loading experiment, the flow rate of the reactor was increased to the target 
flow velocity directly, and after three-bed volumes with the new flow rate, samples were collected. 
The sample collection procedure followed the same one as mentioned above but with shorter 
collecting time. After collecting one batch of samples, the flow rate of the reactor was changed back 
to the normal conditions for at least one-bed volume. Then, repeating the experiment once.  
To fully exploit the potential of RBF under shock hydraulic loading conditions and at the same time 
make the scenarios as practical as possible, totally, four different hydraulic shock loading 
conditions were investigated, including 3 m/d, 6 m/d, 12 m/d and 36 m/d (Derx et al., 2013; Sharma, 
2012; Wett et al., 2002). Between different hydraulic shock loading experiments, the reactor was 
operated under normal conditions for at least three-bed volumes. For the organic shock loading 
experiments, the DOC and salts concentrations in the feed water were doubled, and the same flow 
rate as under normal conditions was applied. Similarly, three-bed volumes were run before 
collecting samples. Other experiment procedures were similar as for the hydraulic shock loading 
experiments.  
To study the ways that could be used to alleviate the water quality deterioration during higher 
hydraulic shock loading rate, two more columns were connected to the reactor (as shown in Fig 
S7.1) . The three columns were connected with Silicon tubing (Masterflex
®
, Cole-Parmer, USA) 
which was flushed (on the outside) with nitrogen gas during the experiment to avoid reaeration. 
Therefore, when a hydraulic shock loading rate of 36 m/d was used, two more samples at 4 m and 6 
m filtration distance were collected as well.  
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8.3 Results and discussion 
8.3.1 The impact of shock loadings on DOC and UV254 removal 
As shown in Figure 8-2(a), after the first 0.2 m filtration, only a limit amount of  DOC (less than 1 
mg/L) is removed under short-term (3-bed volumes) hydraulic shock loading conditions. 
Afterwards, the DOC removal varied for different shock loadings. When a hydraulic loading rate of 
3 m/d or 6 m/d was used, after 2 m filtration, a similar amount of DOC was removed as under 
normal conditions. However, when higher hydraulic loading rates (12 m/d and 36 m/d) were applied, 
the DOC removed after 2 m filtration decreased from 3.27 ± 0.42 under normal conditions to 2.11 ± 
0.22 and 1.66 ± 0.50 mg/L, for the two loading rates. For UV254, compared to normal conditions, 
higher hydraulic loading rate always lead to less UV254 removal after 2 m filtration (Figure 8-2 (b)). 
As a result, less SUVA254 reduction occurred (Table 8-1), indicating that the removal of aromatic 
organics in NOM (Weishaar et al., 2003) was more sensitive to the short-term hydraulic shock 
loadings.  
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Figure 8-2 The accumulated removal of (a) DOC and (b) UV254 along the flow pathway under 
normal and shock loading conditions (error bars represent the mean deviation of duplicate 
experiments). 
 
 Table 8-1 Change of SUVA254 along the flow pathway for normal and shock loading conditions 
(error bars represent the mean deviation of duplicate experiments). 
Filtration 
distance (m) 
1 m/d 3 m/d 6 m/d 12 m/d 36 m/d 
1 m/d (double 
concentration) 
0 2.29±0.03 2.30±0.12 2.40±0.05 2.40±0.04 2.28±0.01 2.34±0.12 
0.1 2.28±0.03 2.29±0.15 2.38±0.09 2.33±0.08 2.27±0.04 2.25±0.03 
0.2 2.30±0.01 2.28±0.13 2.42±0.03 2.40±0.12 2.27±0.05 2.31±0.06 
1 2.21±0.12 2.35±0.19 2.41±0.01 2.41±0.02 2.34±0.08 2.12±0.08 
2 1.80±0.15 2.18±0.05 2.33±0.04 2.47±0.03 2.13±0.05 1.96±0.04 
85 
 
It had been reported that, for biological drinking water treatment, the biofilters’ performance could 
be modelled as a first-order process due to the low substrate concentration, and therefore, the mass 
loading of NOM could impact its removal rate (Huck et al., 1994; Melin and Ødegaard, 2000). In 
this study, higher NOM mass loading was achieved by increasing the hydraulic loading rate, and as 
a result, DOC and UV254 were removed faster (Figure 8-3). 
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Figure 8-3 The DOC and UV254 removal rate within 2 m filtration under different conditions (data 
from the inlet and outlet of the 2 m column under different conditions was used to calculate the 
kinetic constants; error bars represent the mean deviation of duplicate experiments). 
 
To study the impact of organic shock loading on NOM removal, another test was conducted, in 
which the hydraulic loading rate was kept constant but a more concentrated feed water (doubled 
DOC concentration) was used. After 3-bed volumes organic shock loading, both DOC and UV254 
had higher accumulated removal than under normal conditions after 2 m filtration, which may be 
partially explained by the improved adsorption capacity of sand or the column reactors for NOM 
due to the increase of cations, such as calcium, in feed water (Davis, 1982; Murphy and Zachara, 
1995; Schlautman and Morgan, 1994). Thus, short-term organic shock loading would not 
deteriorate the biofilter’s removal performance for NOM but even have a positive impact. Kuehn 
and Mueller (2000) had suggested that RBF could reduce the contaminants concentration peaks in 
river due to the varying distances covered by a water molecule from the river to the well and 
possible dilution with groundwater. However, in this study, to minimise the impact of dilution by 
pore water, the biofilter was flushed with the concentrated feed water for three-bed volumes before 
the experiments, and groundwater dilution was not considered, thus, a high NOM concentration was 
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still observed in the effluent of the biofilter. Therefore, in a real RBF system, a much lower NOM 
concentration could be expected under the organic shock loading conditions. Similarly, during the 
short-term organic shock loading experiment, the increase of the feed NOM concentration lead to 
higher mass loading compared with normal conditions, and as a result, a faster removal of NOM 
was observed as well (Figure 8-3), which may explain the increased NOM removal. 
Previous studies have shown that travel time and redox condition are important factors affecting 
RBF performance (Grünheid et al., 2005; Ray et al., 2003; Sprenger et al., 2011). The short-term 
shock loadings could also impact the redox conditions inside the biofilter. Under normal conditions, 
DO was rapidly consumed in the first 1 m filtration length, reaching a concentration below 1 mg/L 
at that sample point (Table 8-2). As further supported by the measurement of HS
-
 (as shown in 
Figure S8-2), it can be concluded that anoxic conditions existed at least between 1 m and 2 m under 
normal conditions (and possibly even in part of the first 1 m section already), which is in agreement 
with previous observations by Rudolf et al. (2014) and Liu et al. (2016a). Under short-term 
hydraulic shock loadings of 3 m/d and 6 m/d, or when increased organic loading rates were applied, 
the DO consumption profiles were similar as under normal condition but with less HS
-
 formation. A 
further increase of the hydraulic loading rate, especially at 36 m/d, leads to the complete penetration 
of DO throughout the column with about 2 mg O2/L still detected after 2 m filtration length. Also, 
the absence of any HS
-
 formation demonstrates the fully aerobic conditions under higher hydraulic 
loading rates.  
Table 8-2 Change of DO along the flow pathway for normal and shock loading conditions. 
Filtration 
distance 
(m) 
1 m/d 3 m/d 6 m/d 12 m/d 36 m/d 
1m/d (doubled 
concentration) 
0 8.50 8.47 8.50 8.60 8.42 8.45 
0.1 6.08 6.06 5.89 7.08 8.07 6.15 
0.2 3.44 4.85 5.04 6.96 7.92 1.8 
1 0.91 0.36 0.74 1.09 6.68 0.98 
2 0.33 0.28 0.18 0.89 2.19 0.24 
 
DO is the main electron acceptor for oxic biodegradation, and the DO consumption amount 
correlates well with the removal of NOM (Maeng et al., 2008a). Generally, as shown in Figure 8-4, 
under both normal and shock loading conditions, an increase of the DO consumption correlates well 
with a higher NOM removal. However, after about 8 mg/L DO was consumed, a sharp increase of 
DOC removal was observed under all conditions except at higher hydraulic shock loadings (12 m/d 
and 36 m/d), while only about 0.5 mg/L DO was consumed. Together with the HS
-
 concentration 
change profiles, this increased DOC removal (relative to the DO consumption) could be ascribed to 
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the anaerobic biodegradation processes taking place under these conditions (Liu et al., 2016a). 
Therefore, in these conditions, NOM was removed through sequential oxic and anoxic 
biodegradation. Firstly, oxygen was saturated in feed water (about 8.0 mg/L) and the biomass 
utilised the DO as an electron acceptor for oxic biodegradation of NOM. Then, after the depletion 
of oxygen (at the latter part of the biofilter), anoxic biodegradation lead to further NOM removal.  
However, when 12 m/d and 36 m/d hydraulic shock loadings were used, the DOC consumption 
always linearly correlated with the increase of DO consumption. Furthermore, the incomplete 
consumption of DO and no HS
-
 formation may imply oxic biodegradation should be prevalent 
under higher hydraulic shock loading conditions. Grünheid et al. (2005) had shown that NOM had a 
higher removal rate under oxic oxidation than under anoxic/anaerobic conditions. The relatively 
slower DOC/UV254 removal rates under lower hydraulic loading rates (shown in Figure 8-3) could 
be due to the anoxic degradation processes occurring under these conditions. 
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Figure 8-4 The accumulated removal of (a) DOC and (b) UV254 with the increase of DO 
consumption under both normal and shock loading conditions (error bars represent the mean 
deviation of duplicate experiments). 
 
8.3.2 The impact of shock loadings on DPB precursors’ removal 
Looking at the impact of short-term hydraulic loading rate changes on the removal of DBP 
precursors, it is evident that different DBPs show different removal profiles. As shown in Figure 8-
5(a), the removal of THM4 (sum of TCM, BDCM, DBCM, and TBM) precursors are not 
statistically significant (ANOVA at 95% confidence interval) among different conditions after the 
first 1 m filtration. However, after 2 m filtration, much less THM4 precursors were removed at 36 
m/d hydraulic loading rate. When it comes to HAN4 (sum of TCAN, DCAN, BCAN, and DBAN) 
precursors, similar accumulated removal (ANOVA at 95% confidence interval) was observed under 
all conditions during 2 m filtration. For short-term organic shock loading, always more THM4 and 
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HAN4 precursors were removed than under normal conditions along the whole 2 m filtration 
distance, indicating that organic shock loading had a positive influence on DBP precursors’ removal. 
Similar as mentioned above, lower DBP precursors’ concentrations could be expected in a real RBF 
system when the dilution effect was considered. In addition, the increased DBP precursors’ removal 
rate under higher hydraulic or organic loading conditions implied the importance of organics mass 
loading for DBP precursors’ removal (Figure 8-6). 
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Figure 8-5 The accumulated removal of (a) THM4 precursors and (b) HAN4 precursors along the 
flow pathway under normal and shock loading conditions (error bars represent the mean deviation 
of duplicate experiments). 
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Figure 8-6 The THM4 and HAN4 precursor removal rate within 2 m filtration under different 
conditions (data from the inlet and outlet of the 2 m column under different conditions was used to 
calculate the kinetic constants; error bars represent the mean deviation of duplicate experiments). 
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Figure 8-7 shows that, after about 8 mg/L DO was consumed, a sharp increase of DBP precursors’ 
removal was observed under most conditions except at higher loading (12 m/d and 36 m/g), while 
only about 0.5 mg/L DO was consumed. As mentioned above, from 1 m (where about 8 mg/L DO 
had been consumed) to 2 m, the anoxic condition existed under normal, 3 m/d and 6 m/d hydraulic 
shock loading and organic shock loading conditions. Grünheid et al. (2005) had reported that 
aromatic organic matter had better removal under anoxic condition, and aromatic contents of NOM 
bad been proved to have a good correlation with the formation of DBPs (Edzwald et al., 1985; 
Najm et al., 1994). Therefore, the sharp increase of DBP precursors from 1 m to 2 m could be 
ascribed to better removal of aromatics under anoxic condition. When higher hydraulic shock 
loading rates (12 m/d and 36 m/d) were applied, only oxic condition existed in the biofilter. As a 
result, the accumulated DBP precursor removal improved gradually with the increase of DO 
consumption.  
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Figure 8-7 The accumulated (a) THM4 precursors and (b) HAN4 precursors with the increase of 
DO consumption under both normal and shock loading conditions (error bars represent the mean 
deviation of duplicate experiments). 
 
8.3.3 Implications for practical application 
As mentioned above, the accumulated NOM and DBP precursors’ removal were proportional to DO 
consumption. At 3 m/d and 6 m/d hydraulic shock loading rates, a similar amount of DO was 
consumed as under normal conditions, therefore, no deterioration of organics removal was observed. 
However, at higher hydraulic shock loading rates, less DO was consumed, and as a result, less DOC 
removal. Therefore, to minimise the impact of these higher hydraulic shock loadings on water 
quality, the existing DO in feed water should be completely utilised, which could be achieved by 
extending the filtration distance. As shown in Figure 8-8, under 36 m/d hydraulic loading rate, when 
a much longer filtration distance was used, significantly more NOM and DBP precursors were 
removed. For a natural RBF system, normally there is a long underground flow pathway (Ray et al., 
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2003); for some engineered biofilters, like a slow sand filter, this could be achieved by horizontal 
flows. 
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Figure 8-8 The accumulated removal of DOC and UV254 (error bars represent the mean deviation 
of duplicate experiments). 
 
8.4 Conclusion 
From the results obtained in this chapter, the following conclusions can be drawn: 
 The biofilter used in this study had a good resistance to shock loadings. When the hydraulic 
loading rate was increased by 3 or 6 times (3 m/d and 6 m/d hydraulic shock loading) for 3-
bed volumes, no deterioration of the biofilter’s performance on DOC, UV254, THM4 and 
HAN4 precursors’ removal was observed. Further increase of hydraulic shock loading rate, 
especially at 36 m/d hydraulic shock loading for 3-bed volumes, would result in 
breakthrough of oxygen and limit the anoxic oxidation, as a result, less NOM and DBP 
precursors were removed. 
 Within 3-bed volumes organic shock loading (doubled DOC concentration in feed water but 
similar hydraulic loading rate as normal conditions), more NOM and DBP precursors’ 
removal was observed. 
 The increased NOM and DBP precursors removal rate observed under high organics mass 
loading conditions (hydraulic and organic shock loading) may imply that faster flow rate is 
preferable for biofiltration. 
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8.5 Supplementary information 
 
 
Figure S8-1 Schematic diagram of the three connected columns. 
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Figure S8-2 The concentration of HS
-
 along the flow pathway under normal and shock loading 
conditions (error bars represent the mean deviation of duplicate experiments). 
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9. Benefits of adding biofiltration before coagulation 
 
9.1 Introduction 
Coagulation is normally the first step in a conventional water treatment plant (WTP) and also the 
most effective process to remove particles and natural organic matter (NOM). However, as 
suggested by Santana et al. (2014), a large proportion (35%) of the indirect energy consumption for 
WTPs is associated with chemicals used in coagulation, and the coagulant dose is mainly influenced 
by the amount of organics in the raw water. Therefore, to reduce the overall operational cost of 
WTPs, economically removing some organic matters before coagulation could be an option. 
Biofiltration, including riverbank filtration (RBF) and slow sand filtration (SSF), has the potential 
to be used for this purpose due to its relatively low cost and reliable performance in improving the 
quality of surface waters (Collins et al., 1992; Tufenkji et al., 2002). 
Previous studies have shown that, based on turbidity removal, adding a biofiltration before 
coagulation could reduce the charge density of water flow, and as a result, the performance of the 
subsequent coagulation was improved and at the same time less coagulant was needed (You et al., 
2005a; Zhang et al., 1998).  Similarly, another study conducted by Heinicke et al. (2006) found that 
biofiltration could improve the coagulation’s removal performance for dissolved organic carbon 
(DOC) and the ultraviolet absorbance at 254 nm (UV254), and about 25% of coagulant dose was 
saved without compromising water quality. However, no evaluation has been done to determine the 
removal performance of biofiltration/coagulation process for disinfection by-product (DBP) 
precursors. Therefore, the objective of this work was to determine, compared with direct 
coagulation, what benefits could be gained by adding a biofiltration treatment step before 
coagulation regarding the removal of NOM and DBP precursors. In addition, a comprehensive cost-
benefit analysis was conducted as well to determine if the biofiltration/coagulation process was 
economically feasible for practical application.  
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9.2 Materials and methods 
9.2.1 Experimental setup 
The experimental setup was installed in a local water treatment plant (WTP) at Southeast 
Queensland, Australia, and placed beside the raw water pumping station. Since there is no 
backwash system for this setup, to minimize the filter clogging and at the same time not to impact 
the concentration of dissolved and colloidal compounds, a 5 micrometer (um) cartridge filter 
(Stefani, Australia) was used to pre-filter raw water. The cartridge filter was replaced every two 
weeks and the filtered raw water was continually introduced into feed water tank. The excessive 
water overflowed through apertures on the tank walls.  
 
 
Figure 9-1  Schematic diagram of the experimental setup. 
 
The biofilter is made of PVC column with 1,600 mm in length and 100 mm in diameter. Sand was 
added into the columns as media. To accelerate the colonization of biomass on sand surfaces, 
bioactive sand (1.0 mm in diameter) from a local WTP was used as inoculum, and the ratio of 
inoculum and fresh sand (1.5-3.0 mm in diameter) is 1:1. A peristaltic pump (Watson Marlow 323, 
Australia) is used to pump water from the feed water tank to the biofilter with a flow rate of 200 
mL/h. Based on the results of a tracer test, the hydraulic retention time (HRT) for the biofilter is 
about 1 day (Text S9-1). Sampling ports were located at the HRT of 2 h, 4 h, 8 h, 12 h and 24 h. 
Before experiments, the biofilter has been operated under the above-mentioned conditions for about 
6 months. 
 
                         
                
5um filer 
94 
 
9.2.2 Experimental procedures 
9.2.2.1 Collecting samples from the pilot system 
When collecting samples from a certain sampling port, the biofilter was operated under normal 
conditions and the outlet of the biofilter and other sampling ports were closed to make sure the 
certain sampling port was the only effluent of the biofilter. Samples were collected with a reverse 
order, which means that the sample at 24 h HRT was the first one to be collected and the sample at 
2 h HRT was the last sample. For each sampling port, 200 mL sample was obtained, thus, one 
sampling campaign lasted for 5 h. Three sampling campaigns were conducted in two weeks, and the 
reported values are the average of three experiments. 
9.2.2.2 The impact of biofiltration on subsequent coagulation 
Based on the water quality change along the biofilter, three sampling ports (HRT of 2 h, 12h, and 
24 h) were chosen to collect samples for further biofiltration/coagulation experiments. For each 
sampling port, the water sample was collected continually with a glass bottle for one day. To 
minimize the potential degradation of organics, the glass bottle was kept in an esky filling with ice 
bricks during the whole sampling process. Three sampling campaigns were conducted for each 
sampling port and raw water in the feed tank was collected at each sampling campaign for 
comparison. The reported values are the average of the three experiments. 
Coagulation experiments were conducted with 3G Platypus Jar Testers (Guidelines) in the lab, 
including 1 min flash mixing, 15 mins flocculation and 30 mins sedimentation (EPA, 2002). 10 
mg/mL Al3SO4·18H2O solution was used as a coagulant, and 1M NaOH solution was applied for 
pH adjustment. For each coagulant dose, preliminary jar tests and titrations were conducted first to 
determine the NaOH demand that was to achieve the target pH value of 5.80, which was suggested 
by the WTP operators. Then, the determined coagulant and NaOH doses were added simultaneously 
into 400 mL water sample for final coagulation experiments.  
 
9.3 Results and discussion 
9.3.1The change of DOC and UV254 during biofiltration 
As shown in Figure 9-2, DOC decreases rapidly from 10.67±0.02 to 9.70±0.01 mg/L within the first 
2 h filtration, and afterwards, the DOC removal rate slows down, as indicated by the relatively flat 
curve slope. After 24 h filtration, 31% of DOC was removed by the biofilter. For UV254, because of 
the existence of dissolved and colloidal iron in the raw water, direct measurement lead to additive 
UV254 reading (Weishaar et al., 2003). Thus, hydroxylamine was used to eliminate the impact of 
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iron on UV254 absorbance (Doane and Horwáth, 2010). After this correction, a 45% UV254 removal 
efficiency was achieved after 24 h filtration, and as a result, SUVA254 decreased from 5.15 ± 0.20 to 
4.10 ± 0.12 L/mg-C·m, indicating that on average the aromatic character of the DOC was reduced. 
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Figure 9-2 The change of DOC and UV254 during biofiltration (error bars represent the mean 
deviation of triplicate experiments). 
 
9.3.2 The potential benefits of biofiltration 
9.3.2.1 Coagulant saving 
To study the potential benefits of adding a biofiltration before coagulation, lab-scale coagulation 
experiments were conducted with the biofilter’s effluents at the HRT of 2 h, 12 h, and 24 h. Firstly, 
based on preliminary experiment results (Figure S9-1), 90 mg/L coagulant was selected as a 
baseline coagulant dose for the raw water. Then, 45, 60, 75, and 90 mg/L coagulant doses were used 
for the biofiltered waters to evaluate the water quality change at different coagulant doses. 
As shown in Figure 9-3, to achieve the comparable final water quality as after direct coagulation, 
less coagulant is used in the biofiltration/coagulation process. When a 24 h HRT biofiltration was 
used, only 45 mg/L coagulant was needed in the subsequent coagulation step, equal to a 50% 
coagulant dose saving. Similarly, when a 12 h or 2 h HRT biofiltration was applied, a 30% 
coagulant dose saving could be achieved. 
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Figure 9-3  The DOC and UV254 after biofiltration/coagulation  process with different coagulant 
doses (a) 24 h HRT biofiltration (b) 12 HRT biofiltration (c) 2 h HRT biofiltration (error bars 
represent the mean deviation of triplicate experiments). 
Edzwald (1993) suggested that NOM rather particles initially in the source water controlled the 
coagulant dose of drinking water treatment. As shown in Figure 9-2, 9-13% DOC was removed 
during biofiltration and the mainly removed fractions were similar as removed during coagulation 
(Figure 9-4). Therefore, the coagulant dose saving in the biofiltration/coagulation process could be 
ascribed to lower NOM concentration in coagulation step. Moreover, as shown in Table 9-1, after 
biofiltration there is an obvious decrease of coagulant demand as well, which could be explained by 
the reduced charge density of NOM biofiltration (You et al., 2005a; Zhang et al., 1998).  
Table 9-1 Coagulant demand (coagulant required to remove 1 mg of DOC, which could be 
calculated by dividing coagulant dose by the amount of DOC removed during coagulation) at 
different conditions. 
 24 h 12 h 2 h 
 
Biofiltration 
effluent 
+45 mg/L 
coagulant 
Raw water 
+90 mg/L 
coagulant 
Biofiltration 
effluent 
+60mg/L 
coagulant 
Raw water 
+90 mg/L 
coagulant 
Biofiltration 
effluent 
+60 mg/L 
coagulant 
Raw water 
+90 mg/L 
coagulant 
Coagulant demand 
(mg-coagulant/mg-
DOC) 
11.65±0.08 12.97±0.10 12.48±0.07 13.63±0.16 9.88±0.07 13.22±0.03 
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Figure 9-4  Size exclusion chromatography with UV and OCD detectors for raw water, biofiltered 
water and coagulated water (Raw: raw water; 2 h: effluent after 2 h HRT biofiltration; 12 h: effluent 
after 12 h HRT biofiltration; 24 h: effluent after 24 h HRT biofiltration; Raw-90: coagulated raw 
water with 90 mg/L coagulant; 24 h-90: effluent of 24 h HRT biofiltration with 90 mg/L coagulant; 
A=Biopolymers; B=Humic substances; C=Building blocks; D=Low molecular weight acids; 
E=Low molecular weight neutrals). 
 
9.3.2.2 Water quality improvement 
9.3.2.2.1 NOM 
When the same coagulant dose was used, more NOM was removed in the biofiltration/coagulation 
process. As shown in Figure 9-3 (a), DOC and UV254 decrease to 3.68±0.18 mg/L and 0.077±0.002 
cm
-1
 after direct coagulation (90 mg/L coagulant), corresponding to removal efficiencies of 65% 
and 69%. However, when a 24 h HRT biofiltration was applied, the final DOC and UV254 were 
3.20±0.03 mg/L and 0.071±0.004 cm
-1
 after coagulation (90 mg/L coagulant), which were 13% and 
14% lower than the values after direct coagulation. Similar results were observed for the 2 h and 12 
h HRT biofiltration as well, for which the biofiltration/coagulation process (90 mg/L coagulant) 
removed 7% and 12% more DOC and 10% and 17% more UV254.  
98 
 
9.3.2.2.2 DBP precursors 
Figure 9-5 shows that, after direct coagulation, the removal efficiencies for THM4 and HAN4 
precursors were 74% and 50%, respectively. However, when a 24 h HRT biofiltration was applied, 
the biofiltration/coagulation process always removed more THM4 and HAN4 precursors no matter 
45 mg/L or 90 mg/L coagulant dose was used. Similar results were also observed when a 2 h or 12 
h HRT biofiltration was applied, although, compared with direct coagulation, only 15% and 25 % 
more THM4 precursors were removed in the biofiltration/coagulation process, this improvement 
may be important for WTPs whose treated water was struggling to meet the DBP guideline values. 
To determine the correlations between different water quality parameters after coagulation, a 
Pearson correlation analysis was conducted and the results are shown in in Table 9-2. After 
coagulation, THM4 or HAN4 precursors correlated well with aromatic protein II-like (P2-like) and 
soluble microbial by-product-like (SMP-like) fluorescence (see EEM in Chapter 4) , indicating that 
organics had P2-like and SMP-like fluorescence were important THM4 and HAN4 precursors after 
coagulation. Proteins and SMPs had been known as DBP precursors (Bond et al., 2012; Liu et al., 
2014). Therefore, the better THM4 and HAN4 precursors’ removal in the biofiltration/coagulation 
process may be due to the better removal of P2-like and SMP-like fluorescent organics. 
In addition, from an application point-of-view, the higher coagulation coefficient between UV254 
and THM4 precursors, a regulated DBP group in Australia, implied that for this specific source 
water, UV254 could be used to predict the concentration of THM4 precursors in the coagulated water 
easily. Moreover, similar as observed by Krasner et al. (1989), the high correlation between THM4 
and HAN4 precursors indicated that these two DBPs share the same precursors or their precursors 
always integrated together (P2-like and SMP-like fluorescent organics).  
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Figure 9-5  The change of DBP precursors after  different HRTs biofiltration, 
biofiltration/coagulation  and direct coagulation ( Raw: raw water; 24 h biofiltration: effluent after 
24 h HRT biofiltration; raw-90: raw water with 90 mg/L coagulant; 24 h-45: effluent of 24 h HRT 
biofiltration with 45 mg/L coagulant; 24 h-90: effluent of 24 h HRT biofiltration with 90 mg/L 
coagulant; 12 h biofiltration: effluent after 12 h HRT biofiltration; 12 h-60: effluent of 12 h 
biofiltration effluent with 60 mg/L coagulant; 12 h-90: effluent of 12 h biofiltration effluent with 90 
mg/L coagulant; 2 h biofiltration: effluent after 2 h HRT biofiltration; 2 h-60: effluent of 2 h 
biofiltration effluent with 60 mg/L coagulant; 2 h-90: effluent of 2 h biofiltration effluent with 90 
mg/L coagulant;  error bars represent the mean deviation of triplicate experiments). 
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Table 9-2 Pearson correlation analysis for coagulated water (including direct coagulation and 
coagulation after biofiltration;n=9). 
 
 
9.3.2.2.3 T&O compounds  
On December 2015 some taste and odour (T&O) causing compounds appeared in the source water 
of the WTP. Therefore, the capacity of the biofiltration in removing 2-Methylisoborneol (MIB) and 
geosmin was studied as well. As shown in Table 9-3, even with a short HRT (2h) biofiltration, more 
than 90% geosmin and 65% MIB could be removed. The previous study has shown that coagulation 
is not an effective barrier for MIB and Geosmin (Srinivasan and Sorial, 2011), therefore, the 
biofiltration/coagulation  process would be obviously superior to direct coagulation in T&O causing 
compounds control. 
Table 9-3 The change of T&O causing compounds after biofiltration. 
 MIB (ng/L) Geosmin (ng/L) 
 Inlet 2 h outlet 24 h outlet inlet 2 h outlet 24 h outlet 
24/12/2015 0.6 0.2 0.3 26.3 2.8 1.4 
18/12/2015 0.6 0.1 0.2 29.9 0.1 0.1 
14/12/2015 0.9 0.1 - 30.7 1.2 - 
 
9.3.3 Cost-benefit analysis and potential application 
Depending on the local hydrogeological conditions, there could be different configurations for the 
biofiltration system. If the aquifer composition is suitable, riverbank filtration (RBF) is a good 
option, otherwise, some engineered systems would be used. For an engineered system, it could be 
built into concrete filters or simple pond-like filters, and considering the available space in the WTP, 
engineered biofilters with 2 h HRT should be feasible. In addition, because of the high turbidity in 
the raw water (about 70 NTU) for the WTP, roughing filters are necessary to minimise the clogging 
of the main engineered biofilters (Hendricks, 1991).  
UV254 DOC SUVA254 P1 P2 FA SMP HA THM4 precursors HAN4 precursors
UV254 1.000
DOC 0.927 1.000
SUVA254 0.757 0.458 1.000
P1 0.489 0.455 0.360 1.000
P2 0.897 0.845 0.648 0.747 1.000
FA 0.750 0.711 0.551 0.106 0.676 1.000
SMP 0.942 0.899 0.655 0.576 0.957 0.753 1.000
HA 0.679 0.662 0.467 -0.031 0.579 0.974 0.704 1.000
THM4 precursors 0.865 0.665 0.878 0.483 0.839 0.709 0.885 0.642 1.000
HAN4 precursors 0.793 0.578 0.849 0.458 0.782 0.536 0.833 0.487 0.954 1.000
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The detailed cost analysis for each kind of biofiltration/coagulation system is shown in Table S9-1, 
S9-2, and S9-3. Figure 9-6 shows that, assuming the service life for the biofiltration/coagulation 
system is 50 years, coagulation accounts for 60-70% of the total cost regardless of the configuration 
of biofiltration filters, thus the change in the cost related to coagulation will lead to a significant 
increase or decrease of total cost for biofiltration/coagulation systems. Then, the sensitivity of 
different biofiltration/coagulation systems to coagulant price and coagulation sludge treatment cost 
were evaluated as well. As shown in Figure 9-7, within 50 years’ operation, the RBF/coagulation 
process costs less money than direct coagulation regardless of the change in coagulation-related 
expenditure, while the pond-like filters/coagulation process is able to save some money when the 
coagulant price and sludge treatment cost is relatively high. For the concrete filters/coagulation 
process, under most conditions, more money will be spent during the operation. However, even 
under the extreme conditions (coagulant price is $85/ton and sludge treatment accounts for only 0.2 
of the coagulant expenditure), the total cost of pond-like filters/coagulation or concrete 
filters/coagulation process is just 10% or 30% more than that of direct coagulation. But, this 
additional investment will lead to 15% more reduction of THM4 precursors, which is important for 
the WTP if more strict water quality standard is issued in the future.  
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         and Maintenance
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Figure 9-6 The contributions of different parts to the total cost of biofiltration/coagulation systems 
( assuming that the service life of each biofiltration/coagulation system is 50 years) 
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Figure 9-7 The money saved by biofiltration/coagulation process compared with direct coagulation 
within 50 years’ operation: (a) RBF/ coagulation; (b) pond-like filters /coagulation; (c) concrete 
filters/coagulation (based on data in Table S9-1, S9-2, and S9-3 ) 
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9.4 Conclusion 
 Compared with direct coagulation, the biofiltration/coagulation process could save 30-50% 
of coagulant dose, and as a result, the indirect energy related to coagulant manufacturing 
was reduced substantially.  
 When the same coagulant dose was used, more NOM and DBP precursors could be removed 
in the biofiltration/coagulation process, which could be ascribed to the better removal of P2-
like and SMP-like fluorescent organics. In addition, the biofiltration/coagulation process is a 
good barrier for T&O-causing compounds; 
 Cost-benefit analysis results indicated that, for the WTP we studied, 15% more reduction of 
THM4 precursors could be achieved by adding a biofiltration step before coagulation, while 
the additional investment was no more than 30% of current coagulant expenditure.  
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9.5 Supplementary information 
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Figure S9-1 The DOC and UV254 for coagulated raw water with different coagulant doses  (Note: 
For 60, 75, 90, 105 mg/L coagulant, triplicated experiments were conducted; for 45, 120,135 and 
150 mg/L coagulant, only a single test was done). 
 
Text S9-1: tracer test 
15g/L potassium chloride was used as a tracer and spiked at the inlet of the column for 10 mins. 
Then, a conductivity meter was placed at the outlet of the column with a flow-through cell to record 
the variation of conductivity. According to the temporal method of moments described by (Drewes 
et al., 2009), the average retention time could be calculated by the following equations. And the 
results in Table S9-1 shows that the HRT for the column is about 1 days. 
The nth temporal moment of a concentration profile at a location x is defined as follows: 
Mn(x) = ∫ t
n ∙ c(x, t)dt
∞
0
                                                                                                           
The first normalized moment (m1) is used to estimate the average retention time of solute in porous 
medium: 
m1(x) =
𝑀1
𝑀0
=
∫ t∙c(x,t)dt
∞
0
∫ c(x,t)dt
∞
0
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Figure S9-2 Experimental results for tracer test. 
 
Table S9-1 The calculated HRT for one column. 
M0 (mg L
-1
 min) 436,879 
M1 (mg L
-1
 min
2
) 660,751,721 
m1 (mins) 1,512≈ 1 day 
 
Table S9-2 Cost analysis for concrete filters/coagulation. 
 Units Values 
Concrete filters /coagulation 
Filters: 
 
  
Size m
3
 8,280
a
 
Construction of infrasrtructure $ (k) 1,657
b
 
Pumps $ (k) 32
c
 
Sand $ (k) 315
d
 
Operation (including electricity) 
and Maintenance 
$ (k)/year 33
e
 
Pre-filters: 
 
  
Size m
3
 4,140
f
 
Construction of infrasrtructure $ (k) 1,180
b
 
Pumps $ (k) 32
c
 
Sand $ (k) 157
d
 
Operation (including electricity) 
and Maintenance 
$ (k)/year 32
e
 
Coagulation: 
 
  
Coagulant $ (k)/year 126
g
 
Sodium hydroxide $ (k)/year 9
h
 
Sludge treatment $ (k)/year 76
i
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Coagulation only 
Coagulant $ (k)/year 181
g
 
Sodium hydroxide $ (k)/year 20
h
 
Sludge treatment $ (k)/year 108
i
 
Powder activated carbon (PAC) $ (k)/year 22
j
 
a The water production capacity for the WTP is 230 L/s. Assuming that the porosity of the sand is 0.4, and 
the total depth of the reactor is 2 m with 1 m head space; HRT is 2 h. 
b Two filters were used, and the cost was calculated following the equation of  Wegelin (1996): 
C=9,120×A
0.49
 
Where: C=construction cost in $ 
             A=filter surface area in m
2
 
The final calculation includes an 2% annual inflation rate (Taylor, 2005). 
c The price of the pump is about $ 8,000  (http://www.cnppump.com.au/), and two pumps were used for each 
filter. The service span of the pump is about 10 years (Taylor, 2005). 
d Sand price is $76 /m
3
 (http://www.landscapes.net.au/ ). The sand was completed replaced after 10 years’ 
operation (Hendricks, 1991). 
e The operation and maintenance cost of biofilters is about 2% of the construction cost (Wegelin, 1996). 
f Up-flow roughing filters were used as pre-filter to remove particles in raw water. Assuming that the 
porosity of the sand is 0.4, and the total depth of the reactor is 2 m with 1 m head space; HRT is 1 h. 
g According to the results of this study, 30% coagulant could be saved when a 2 h HRT biofiltration was 
applied. The prices for aluminium sulfate liquid (8.5 % of Al2O3) is $ 145 /ton (Lehmann, 2011) and this 
price has included an 2% annual inflation rate (Taylor, 2005). In Figure 9-7, the price range of $85/ton to 
$225/ton was used. 
h According to the results of this study, 57% sodium hydroxide could be saved when a 2 h HRT biofiltration 
was applied. The prices for sodium hydroxide is $ 331/ton (Lehmann, 2011), and this price has included an 2% 
annual inflation rate (Taylor, 2005). 
i The cost of coagulation sludge treatment is about 60% of the coagulant price (Edzwald and Tobiason, 
1999). In Figure 9-7, the percentage of 20%-100% was used. 
j The daily consumption of PAC was 250 kg, assuming dosing for 60 days. The price for PAC is $1,450 
/ton(http://www.alibaba.com/). 
 
Table S9-3 Cost analysis for pond-like filters/ coagulation. 
 Units Values 
Pond-like filters/ coagulation 
Filters: 
 
  
Size m
3
 8,280
a
 
Construction of infrasrtructure $ (k) 99
b
  
Pumps 
Pipes and accessories 
PE lining 
$ (k) 
$ (k) 
$ (k) 
32
c
 
166
d
 
95
e
 
Sand $ (k) 315
f
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Operation (including electricity) 
and Maintenance 
$ (k)/year 33
g
 
Pre-filters: 
 
  
Size m
3
 4,140
h
 
Construction of infrasrtructure $ (k) 50
b
 
Pumps 
Pipes and accessories 
PE lining 
$ (k) 
$ (k) 
$ (k) 
32
c
 
141 
48
e
 
Sand $ (k) 118
d
 
Operation (including electricity) 
and Maintenance 
$ (k)/year 24
e
 
Coagulation: 
 
  
Coagulant $ (k)/year 126
i
 
Sodium hydroxide $ (k)/year 9
j
 
Sludge treatment $ (k)/year 76
k
 
   
Coagulation only 
Coagulant $ (k)/year 181
i
 
Sodium hydroxide $ (k)/year 20
j
 
Sludge treatment $ (k)/year 108
k
 
PAC $ (k)/year 22
l
 
a The water production capacity for the WTP is 230 L/s. Assuming that the porosity of the sand is 0.4, and 
the total depth of the reactor is 2 m with 1 m head space; HRT is 2 h. 
b Two filters were used, and the construction cost of ponds is $12/ m
3
 (personal communication with a 
researcher in pond-related fields). 
c The price of the pump is about $ 8,000  (http://www.cnppump.com.au/), and two pumps were used for each 
filter. The service span of the pump is about 10 years (Taylor, 2005). 
d Assuming that the cost of pipes and accessories is the same as concrete reactors, which accounts for 10% 
of the total construction cost (Wegelin, 1996). 
e The price for the lining is $ 20 /m
2
 (personal communication with a researcher in pond-related fields). 
f Sand price is $76 /m
3
 (http://www.landscapes.net.au/ ). The sand was completed replaced after 10 years’ 
operation (Hendricks, 1991). 
g Assuming that the operation and maintenance cost is the same as concrete reactors. 
h Up-flow roughing filters were used as pre-filter to remove particles in raw water. Assuming that the 
porosity of the sand is 0.4, and the total depth of the reactor is 2 m with 1 m head space; HRT is 1 h. 
i According to the results of this study, 30% coagulant could be saved when a 2 h HRT biofiltration was 
applied. The prices for aluminium sulfate liquid (8.5 % of Al2O3) is $ 145 /ton (Lehmann, 2011) and the  
final price includes an 2% annual inflation rate (Taylor, 2005). 
j According to the results of this study, 30% coagulant could be saved when a 2 h HRT biofiltration was 
applied. The prices for aluminium sulfate liquid (8.5 % of Al2O3) is $ 145 /ton (Lehmann, 2011) and this 
price has included an 2% annual inflation rate (Taylor, 2005). In Figure 9-7, the price range of $85/ton to 
$225/ton was used. 
k The cost of coagulation sludge treatment is about 60% of the coagulant price (Edzwald and Tobiason, 
1999). In Figure 9-7, the percentage of 20%-100% was used. 
l The daily consumption of PAC was 250 kg, assuming dosing 60 days. The price for PAC is $1,450 
/ton(http://www.alibaba.com/). 
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Table S9-4 Cost analysis for RBF/ coagulation. 
 Units Values 
RBF/coagulation 
RBF: 
 
  
Construction of infrasrtructure $ (k) 1,407
a
 
Pumps $ (k) 32
b
 
Operation (including electricity) 
and Maintenance 
$ (k)/year 33
c
 
Coagulation: 
 
  
Coagulant $ (k)/year 90
d
 
Sodium hydroxide $ (k)/year 6
e
 
Sludge treatment $ (k)/year 54
f
 
   
Coagulation only 
Coagulant $ (k)/year 181
d
 
Sodium hydroxide $ (k)/year 20
e
 
Sludge treatment $ (k)/year 108
f
 
PAC $ (k)/year 22
g
 
a The water production capacity for the WTP is 230 L/s. According to Ray et al. (2003), the cost  for a RBF 
system with a production capacity of 880 L/s was $4,000,000, and the HRT was 2 days (Jack Wang, 1999). 
Assuming that the cost of RBF system is proportional to the production capacity. The final calculation 
includes an 2% annual inflation rate (Taylor, 2005). 
b The price of the pump is about $ 8,000  (http://www.cnppump.com.au/), and two pumps were used for each 
filter. The service span of the pump is about 10 years (Taylor, 2005). 
e Assuming that the operation and maintenance costs are the same as concrete reactors . 
d According to the results of this study, 30% coagulant could be saved when a 2 h HRT biofiltration was 
applied. The prices for aluminium sulfate liquid (8.5 % of Al2O3) is $ 145 /ton (Lehmann, 2011) and this 
price has included an 2% annual inflation rate (Taylor, 2005). In Figure 9-7, the price range of $85/ton to 
$225/ton was used. 
e According to the results of this study, 72% sodium hydroxide could be saved when a 24 h HRT 
biofiltration was applied. Assuming that the same amount of sodium hydroxide could be saved by using 48 
HRT biofiltration. The prices for sodium hydroxide is $ 331/ton (Lehmann, 2011), and the  final price 
includes an 2% annual inflation rate (Taylor, 2005). 
f The cost of coagulation sludge treatment is about 60% of the coagulant price (Edzwald and Tobiason, 
1999). In Figure 9-7, the proportion of 20%-100% was used. 
g The daily consumption of PAC was 250 kg, assuming dosing 60 days. The price for PAC is $1,450 
/ton(http://www.alibaba.com/). 
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10. Conclusion and recommendations 
 
10.1 Conclusion 
Technically, enhanced-ZVI has the potential to be applied in drinking water treatment to directly 
remove NOM in the process. This thesis demonstrated that: 
 DO was vital as an electron acceptor in the enhanced-ZVI process. The absence of DO 
decelerated iron corrosion.   
 Coagulation is the dominating NOM removal mechanism during enhanced-ZVI. The 
addition of conductive carbon cathodes, e.g. GAC and graphite, could increase iron 
corrosion rate and trigger effective coagulation faster. In addition, the enhanced-ZVI process 
can be carried out at pH 7 without performance losses, whereas ZVI application alone is 
more efficient at acidic pH. 
 To a certain extent oxidation occurred during enhanced-ZVI, and as a result, the amount of 
BDOC in treated water increased, which can be further removed in a biological treatment 
step. However, the contribution of oxidation to the overall NOM removal was minor 
compared to coagulation mechanism.  
 In sum, in batch experiments with recirculation mode, substantial NOM removal (up to 
around 61% DOC) could be achieved with an accumulated EBCT of only 1.8 minutes.  
 
Based on long-term experiment results, a new drinking water treatment train incorporating 
enhanced-ZVI and biofiltration was proposed. This thesis demonstrated that: 
 Extending EBCT and/or filtration bed length were beneficial for the overall performance of 
enhanced-ZVI. However, substantial iron passivation occurred after 10,000-bed volumes 
under all conditions. 
 H2SO4 was a better reagent to regenerate the passivated enhanced-ZVI bed and recover the 
capacity of enhanced-ZVI in removing NOM. The enhanced-ZVI with periodical 
regeneration could be an effective way to fully utilise ZVI, either through its dissolution in 
the ZVI process and the resulting reactions or as a supplement to coagulant solutions applied 
in a traditional coagulation step carried out later in the treatment train. 
 An obvious synergy was observed between enhanced-ZVI and the subsequent biofiltration 
when a 1.8 mins EBCT enhanced-ZVI bed was applied. This could be explained by the 
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formation of biodegradable organic matter during the enhanced-ZVI process and the 
precipitation of iron in the biofilters.   
 
Re-aeration is an effective way to improve the removal performance of biofiltration for NOM and 
DBP precursors. This thesis proved that: 
 Substantial removal of DOC (60-70%) and UV254 (70-80%) were achieved by engineered 
biofiltration with 6 days HRT. More than 50% of DBP precursors were removed for 
different regulated and emerging DBP families. 
 DO had a substantial impact on the organics’ removal. Changing redox condition between 
oxic and anoxic was shown to be beneficial for the overall removal of DOC and DBP 
precursors. For C-DBPs precursors’ removal, re-aeration after certain time could continually 
increase the removal efficiencies from 50%, 60%, and 60% to 80%, 90%, and 80% for 
THM4, CH and HK2 after one sequence of oxic transitioning to anoxic conditions. 
Contrarily, for N-DBPs precursors’ removal, prolonged anoxic conditions were favourable. 
 
Pre-filtration has a good resistance to moderate hydraulic and organic shock loadings. This thesis 
concluded that: 
 Increasing filtration rate by a factor of 3 or 6 (3 m/d or 6 m/d) would not deteriorate the 
removal performance of the biofilter for DOC, UV254, THM4 and HAN4 precursors.  
 Within 3-bed volumes organic shock loading (doubling DOC concentration in feed water 
and using the similar hydraulic loading rate as applied under normal condition), the biofilter 
could always remove more NOM and DBP precursors. 
 A strong increase of hydraulic shock loading rate resulted in the breakthrough of oxygen and 
limited anoxic condition. As a result, fewer organics were removed. Hence, possible site-
specific hydraulic shock loading should be taken into account as a limiting factor for NOM 
and DBP precursors’ reduction and filter design. 
 
Overall, adding a biofiltration before coagulation is beneficial for WTPs regarding NOM and DBP 
precursor removal. With the results from a pilot-scale study in a local WTP, this thesis proved that: 
 Compared with direct coagulation, the biofiltration/coagulation process could save 30-50% 
of coagulant dose in the subsequent coagulation. When the same coagulant dose was used, 
better removal of NOM and DBP precursors could be achieved in the 
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biofiltration/coagulation process due to the better removal of aromatic proteins and soluble 
microbial by-products.  
 Cost-benefit analysis results indicated that, for the WTP we studied, 15% more reduction of 
THM4 precursors could be achieved by adding a biofiltration step before coagulation, while 
the additional investment was less than 30% of current coagulant expenditure.  
 
10.2 Recommendations for future research 
During the whole period of my Ph.D., many research challenges, in addition to the research 
objectives investigated so far, were identified that require further research. Some of these are 
summarized below:  
 This thesis investigated the technical feasibility of applying enhanced-ZVI in drinking water 
production and demonstrated that oxidation contributed to the overall removal of NOM, and 
as a result, the biodegradability of raw water was improved to a certain extent. However, 
compared with other AOPs, the oxidation efficiency is still low. Therefore, methods and 
conditions that could improve the oxidation efficiency of enhanced-ZVI deserve further 
investigation. 
 The long-term performance of enhanced-ZVI in NOM removal was studied in this thesis. To 
further evaluate the potential benefits of this technology in drinking water treatment, the 
removal efficiency of other contaminants, e.g. pathogens, trace organic contaminants, and 
taste and odour causing compounds, should be studied as well. In addition, a detailed 
analysis about how iron becomes passivated during the enhanced-ZVI precess will 
contribute to the better understanding of this technology and the development of passivation 
prevention or iron reactivation strategies.  
 This thesis proved that alternating oxic and anoxic conditions could improve the overall 
removal performance of biofiltration for NOM and DBP precursors. However, the 
conclusion was mainly based on the observation of experimental results of filtrate quality. 
Therefore, more comprehensive evaluations of this modified biofiltration process, including 
microorganisms and detailed NOM molecular analysis, are needed to elucidate the 
mechanisms involved in the water quality improvement. Moreover, further experiments 
should be conducted to determine the suitability of this modified biofiltration process for 
different source waters to better understand the benefits and constraints in the application of 
this process.  
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 It was found that the biofiltration could resist to a certain extent shock loading regarding 
NOM and DBP precursors removal. The determination of active microorganisms under 
different loading conditions will help to understand the observed phenomena better. Similar 
knowledge gaps on how the variation in organic loading impacts on biofilm growth, cell 
lysis, and filtrate quality exist also for biologicals rapid sand and other media filters. 
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